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Foreword

As Osler once said, ‘‘Read with two objects: first, to acquaint
yourself with the current knowledge on a subject and the
steps by which it has been reached; and second and more
important, read to understand and analyze your cases.’’
The fifth edition of the textbook of Pediatric Endocrinology
provides the reader with an opportunity to meet both objec-
tives, combining an update on the latest developments in
the field of pediatric endocrinology with providing practical
information on how this knowledge can be applied to
patient care.

Books are a reflection of their times. It is not surpris-
ing, therefore, that the evolution of pediatric endocrinology
over the past two decades is reflected by the changes that
have occurred in this textbook since its initial printing in
1985. The first edition of Pediatric Endocrinology consisted
of 27 chapters with 668 pages; the current edition consists
of two volumes containing 53 chapters with a total of more
than 1300 pages. The expansion in the size of the book
reflects the rapid expansion of knowledge that has occurred
in the field over the last 22 years. In 1985, only three
chapters with 60 pages were devoted to the diagnosis and
treatment of Type 1 diabetes mellitus and ketoacidosis,
while Type 2 diabetes and obesity were not addressed.
The current edition has been split into two separate
but complementary volumes; the first volume covering

disorders of carbohydrate metabolism (obesity, T1DM,
T2DM, insulin resistance, and hypoglycemia) in 20 chapters
with 510 pages and the second volume dealing with ‘‘tradi-
tional’’ endocrinology (growth, adrenal, sexual, thyroid,
calcium, and fluid balance) in 33 chapters with 768 pages.
The increase in the number of chapters and pages devoted
to obesity and diabetes reflects the increased prevalence of
these disorders in the pediatric population and is con-
cordant with the patient distribution in many pediatric
endocrine practices.

This book, therefore, provides an in-depth coverage of
the disease states seen in the early 21st century. It provides
the readership with an opportunity to explore the wonders
of the science and the clinical breadth of pediatric endocri-
nology by just turning the pages. Osler wisely said, ‘‘To
study the phenomena of disease without books is to sail
an uncharted sea, while to study books without patients is
to not go to sea at all.’’ This book provides the sail, the boat,
and the rudder; the clinicians must determine how to apply
it to their patients.

Janet H. Silverstein, M.D.
Professor of Pediatrics
University of Florida

Gainesville, Florida, U.S.A.

The previous four editions of Pediatric Endocrinology,
progressively, have been a dominating educational tool for
subspecialists in pediatric endocrinology, genetics, nutrition,
etc., and for pediatric generalists. The fifth edition exceeds
my expectations and will exceed yours. The expansion of
the text into two volumes could be discouraging to the pro-
spective owner. It should not be. The educational leadership
and organizational talent of Dr. Lifshitz have provided us
with a text that now has necessarily expanded into two
volumes as the scope of the specialty expanded. The new
organization enhances the use of this textbook, permitting
the reader initially to be very focused in obtaining the infor-
mation he/she seeks, but it subsequently supplements that
information as time permits by going to other chapters, each
written by different well-known authors. Examination of
Dr. Lifshitz’s preface of this text and the indexed outline
of chapters permits confirmation of my conclusion.

The multiple contributing authors also deserve strong
commendations for the excellent content of this two

volume text. The collaboration of multiple authors for each
subsection permits the presentation of broader perspectives
than if a single author had been responsible.

I have considered the presence of each of the previous
four editions of Pediatric Endocrinology a necessity on my shelf
because of their high quality as a diagnostic and therapeutic
tool in the practice of pediatrics and pediatric endocrinology.
The fifth edition similarly will be a necessary and welcomed
addition on the shelf reserved for my favorite textbooks. I
personally extend my thanks and congratulations to Dr. Lif-
shitz and to each of his contributors in producing this excel-
lent and timely textbook.

Robert M. Blizzard, M.D.
Department of Pediatrics and

Children’s Medical Center
University of Virginia

Charlottesville, Virginia, U.S.A.
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Foreword

Dr. Fima Lifshitz’s expansive view of the scope of pediatric
endocrinology is reflected in the fifth edition of his classic
textbook Pediatric Endocrinology, first published in 1985. Each
edition has improved upon its predecessor by adding new
chapters on topics relevant to the rapidly developing science
and changing the practice of pediatric endocrinology. Unlike
other textbooks of pediatric endocrinology, which tend to be
largely devoted to classical pediatric endocrine subjects,
Lifshitz’s Pediatric Endocrinology has an expanded scope as
it covers not only these subjects but is equally devoted to
what might be referred to as Metabolic Endocrinology
thereby reflecting the true practice of the specialty. The latter
includes the various forms of diabetes mellitus, hypoglyce-
mia, obesity and its related disorders, insulin resistance,
lipid disorders and various genetic disorders of metabolism.

With 53 fully inclusive chapters, the fifth edition of
Pediatric Endocrinology has expanded to two volumes. A sub-
stantial portion of volume one is devoted to metabolic
endocrinology, whereas volume two contains chapters on
all the classical topics in pediatric endocrinology including
growth, adrenal, sexual, thyroid, calcium, and fluid balance
disorders as well as other miscellaneous endocrine altera-
tions. This textbook also provides valuable information on
a variety of topics relevant to pediatricians, pediatric endo-
crinologists and academic clinicians throughout the world.

The two volumes complement each other and together
provide comprehensive coverage of the contemporary prac-
tice of the expanded scope of pediatric endocrinology and
metabolism.

Dr. Lifshitz has carefully selected pertinent topics and
superb authors, all experts in their respective fields, who
are both investigators and clinicians. As a result, Pediatric
Endocrinology is characterized by an exceptional blend of
rigorous scholarship and pragmatism, which undoubtedly
contributes to its broad appeal and will ensure its continued
success.

I congratulate Dr. Lifshitz on admirably accomplish-
ing the monumental task of editing, unassisted, a textbook
of this magnitude and complexity and ensuring that each
chapter meets his exacting standards of scholarship, clinical
relevance and clarity of exposition. It has been an honor and
a privilege to serve as a contributor to Pediatric Endocrinology
and to write this Foreword.

Joseph I. Wolfsdorf, M.B., B.Ch.
Children’s Hospital and
Harvard Medical School

Boston, Massachusetts, U.S.A.

In this age of molecular science, our knowledge of the
genetic basis of endocrine disorders is rapidly expanding.
As we come to understand the etiology of the disease
with pinpoint accuracy, our treatments become more
effective and tailored to our patients’ needs. Current mole-
cular research impacts treatment when clinicians can use
such findings to guide their therapies. This textbook
serves as a crucial bridge between the molecular labora-
tory and the clinical practice, encouraging translational
research.

Dr. Fima Lifshitz has again put together an authorita-
tive, current and important text to serve the burgeoning
field of pediatric endocrinology. I know that it will continue
to be an invaluable tool for both clinicians and researchers.

Maria I. New, M.D.
Professor of Pediatrics

Director, Adrenal Steroid Disorders Program
Mount Sinai School of Medicine

New York, New York, U.S.A.
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Preface

The good life is one inspired by love and guided by knowl-
edge. —Bertrand Russell

The fifth edition of Pediatric Endocrinology marks the 22nd
anniversary of this textbook. This edition has built upon
the accumulated experience of the previous versions and
every one of the chapters has been thoroughly updated;
thereby its content enhances the reputation that Pediatric
Endocrinology has enjoyed as ‘‘the classic book in the field.’’
Each of the topics of the chapters of the fifth edition of this
book addresses one of the many potential alterations of
patients referred to the pediatric endocrinologist for evalua-
tion and treatment. Together, they provide the most updated
information needed by the physician caring for these
children, yet written with the detail required by the sub-
specialist in academic settings. The chapters are written in
a didactic manner, containing practical information, with
comprehensive discussions that address all clinical situations.
Thereby, the book serves to increase the knowledge of both the
practitioner and the subspecialist. The fifth edition of Pediatric
Endocrinology constitutes a state-of-the art textbook, written by
mature, well-established contributors who transmit their
knowledge in an erudite manner, covering the theoretical
and the clinical considerations of each entity.

Since the first edition of Pediatric Endocrinology pub-
lished in 1985, the field has grown and has evolved. The
state of knowledge and the scientific basis of the practice
of the specialty are markedly different from that of two dec-
ades ago. This edition encompasses the current status of the
specialty and the care of patients with pediatric endocrine
diseases. The ever-increasing scope of the science of endo-
crinology and the rapid acquisition of new knowledge are
captured and synthesized in each chapter by experts in
all aspects of the specialty. The clinical care and practical
aspects of pediatric endocrinology are written by those
who are committed to the practice of the specialty.

The fifth edition of Pediatric Endocrinology comprises
two volumes—each one dealing with major areas in the
field. The expanded version of the textbook allows a com-
prehensive review of the multiple advances and provides
the reader the factual information to address all the con-
cerns that arise when caring for children with endocrine-
related alterations. Each one of these two books contains
comprehensive chapters of specific entities that contain suf-
ficient detailed information to cover the topic in its entirety.
Thereby, each volume constitutes a book in its own right, yet
both complement each other and together they form the
resource in the field in an integrated easy-to-read and
clearly written manner.

Volume 1 of Pediatric Endocrinology is devoted to obe-
sity, diabetes mellitus, insulin resistance and hypoglycemia,
with a special section on private practice and clinical
research. Currently, caring for patients with these diseases
constitutes a major part of the pediatric endocrinologist’s
time and effort. Thus, the expanded review of these topics

reflects the true state of the specialty. Whereas previous edi-
tions of this book already contained chapters dealing with
obesity and diabetes in children, long before these entities
attracted the full attention of pediatric endocrinologists; other
texts in the field have barely addressed these topics. However
in this fifth edition of Pediatric Endocrinology, these entities
are fully expanded to provide the reader with a substantive
appraisal of the subjects and of the current issues. The major
public health problem of obesity is most blatantly visible; yet
it is often a neglected disease. In this book, obesity is dis-
cussed from a pediatric endocrinologist’s perspective, with
attention given to all aspects of the disease; including the
epidemic and the mechanisms of the illness. The genetics
and the single gene disorders that are manifested with
obesity are reviewed as are the prevention and treatment of
this disorder and the comorbidities. Included are also the
chapters that address the current state of knowledge of
the insulin resistance/metabolic syndrome and the diseases
that often result from insulin resistance, such as hypertension
and hyperlipidemia. The long-term endocrine alterations
that follow the birth of a small-for-gestational-age infant are
reviewed, with particular detail to the development of
the insulin resistance syndrome, appearing later on in the life
of such children.

There was a time when pediatric endocrinologists
were not involved with the care of children with diabetes
or with the teaching and research of this disorder; that
was the past. Currently, the care for such patients demands
the attention of the specialist; pediatric endocrinologists are
now intimately involved in providing care and advancing
the knowledge of the disease through clinical and basic
science research. This is evident in each of the chapters
of this book, which pertain to all aspects of diabetes melli-
tus. Included in the book is an update of the new clinical
multicenter research programs designed to address the
causes of Type 1 diabetes and chapters dealing with the
theoretical and practical aspects of the care of such
patients. Also, there is an expanded chapter dealing with
Type 2 diabetes mellitus because this disease has become
a more prominent area for the pediatric endocrinology spe-
cialty. In the section on hypoglycemia, the disorders that
produce this alteration are reviewed with attention paid
to the pathophysiology, its causes and the treatment, both
in children and in neonates. The emergencies that pediatric
endocrinologists deal when consulted for patients with
inborn errors of metabolism are thoroughly addressed
and the norms for the assessment of newborn screening
alterations are provided. Finally, there are new chapters
dealing with the current realities in the field, namely the
private practice of the subspecialty and the performance
of clinical trials by both the academic pediatric endocrinol-
ogist and the physician committed to patient care. There is
also a comprehensive reference resource containing fre-
quently used charts and tables needed for the assessment
of endocrine patients.
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Volume 2 of Pediatric Endocrinology is devoted to
growth, adrenal, sexual, thyroid, calcium and fluid balance
disorders, with a special section on radiation terrorism. The
web resources available to the pediatric endocrinologist and
the dynamic and genetic tests utilized in the care of patients
with endocrine diseases are also contained therein. The dis-
eases reviewed in this volume have been traditionally
included within the realm of the pediatric endocrinology
specialty and were included in previous editions of the
book. However in the fifth edition of Pediatric Endocrinology,
the specific chapters dealing with each of these entities
are thoroughly reviewed and completely updated with
attention given to the clinical and pathophysiological
aspects of the disease. The book contains sections devoted
to (i) growth and growth disorders, (ii) adrenal disorders,
(iii) sexual development abnormalities, (iv) thyroid disor-
ders, (v) calcium and mineral metabolism disorders, (vi)
miscellaneous endocrine entities and (vii) endocrine testing
protocols. In these sections, the diseases that afflict children
cared for in a pediatric endocrine service are discussed. In
the fifth edition of Pediatric Endocrinology, there are new
chapters dealing with specific advances in the field of
growth hormone insufficiency, the molecular basis of
growth disorders and the integrity of the IGF system for
appropriate growth. Also, there is a chapter on the transition
from adolescence to adulthood of the growth hormone–
deficient patient and the deficiency of this hormone in
adults. The skeletal dysplasias leading to short stature and
the syndromes leading to overgrowth and tall short stature
are thoroughly reviewed.

The neonatal screening program is now widely used
for the diagnosis of multiple inborn errors of metabolism,
hypothyroidism and congenital adrenal hyperplasia. Thus,

a readily available resource of the standards and guidelines
for the care of newborns with abnormal newborn screens is
found in the book. The chapters on traditional diseases of
the adrenal cortex and medulla, as well as the sexual differ-
entiation disorders and thyroid and parathyroid alterations,
provide great detail in comprehensive reviews of all the
alterations of patients with diseases of these endocrine
glands. Also, there are new chapters dealing with rickets
and osteoporosis and brittle bone syndromes, as the scope
of the specialty has demanded that pediatric endocrinolo-
gists deal with patients with these entities. A major source
of concern to pediatricians in practice is also addressed in
this book, namely the patient with nonendocrine diseases
associated with abnormal endocrine tests, often causing
referrals to the pediatric endocrinologist. In this era, a chap-
ter of radiation terrorism was necessary to bring to the
pediatric endocrinologist the necessary information ‘‘to be
aware and prepared.’’ Additionally, the chapter dealing
with the use of the web provides an important practical
update to the practicing physician for the recognition of
genetic syndromes in pediatric endocrinology. Finally, all
the chapters address the diagnostics of endocrine function
and disease with algorithms and updated tables, special
growth charts, dynamic endocrine testing protocols and
interpretation of the data. Altogether, the book provides
the necessary information to facilitate the care of the pedia-
tric endocrine patient and the understanding of the diseases
that they present.

Sophocles said it long ago: ‘‘Look and you will find
it—what is unsought will go undetected.’’

Fima Lifshitz, M.D.
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Ömer Tarim Division of Pediatric Endocrinology, Department of
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PREVALENCE

Obesity is one of the most complex and poorly under-
stood clinical syndromes affecting children and adults
throughout the world. In the last decade the estimated
number of adults with excess weight has increased dra-
matically, from 200 million to 300 million affected
individuals (1). The current prevalence of this disorder
ranges from 5% to 10% of the population in some
African and Asian countries to over 75% in urban
Samoa (2). Since 1980 obesity rates have risen threefold
or more in some areas of North America, United
Kingdom, Eastern Europe, Middle East, the Pacific
Islands, and Australia. In Mexico the prevalence of obes-
ity also exhibited a dramatic increase between 2000 and
2003, obesity now being present in 60% of women and
50% of men (3). Mendez et al. recently observed that,
in most developing countries, prevalence rates of over-
weight in young women exceed prevalence rates of
underweight in both urban and rural areas particularly
in countries at higher levels of socioeconomic develop-
ment where the rates of obesity exceed 60% (4).

The prevalence and trends of obesity among U.S.
adults markedly increased in the last decade of the last
century (5). Approximately 127 million adults in the
United States were overweight, 60 million were obese
and 9 million were extremely obese in 2004 (6). Among
different immigrant subgroups, number of years of
residence in the United States was associated with
higher prevalence and degree of obesity beginning after
10 years. The prevalence of obesity among immigrants
living in the United States for at least 15 years
approached that of U.S.-born adults (7). The percentage
of overweight children and adolescents has increased
by almost 50% in the last two decades of the 20th
century (8). The prevalence and trends of overweight

among U.S. children and adolescents have continued
to increase (9). Among 2- through 5-year old children,
the prevalence in 1999–2000 was 10.4%; among 6
through 11 years—15.3%; and among the 12- through
19-year-old group—15.5%. Similar results were
observed by other investigators, who also showed that
22.6% of 2- to 5-year-old and 30% of 6- to 19-year-old
children were at risk for overweight, as defined by a
body mass index (BMI) �85th percentile for age (10).
In the United States, the increase in the incidence of
overweight has been more significant among African-
Americans and Hispanic children and adolescents
(11). The overweight prevalence increased to 21.5%
among African-Americans, 21.8% among Hispanics,
and 12.3% among non-Hispanic whites.

Increases in maternal anthropometry have also
been associated with higher birth weight of infants at
or after term (12). But the rate of weight gain during
the first year of life and not birth weight, predicted
BMI in childhood (13,14) or adulthood (15). It has long
been observed that about 40% of overweight children
will continue to have increased weight during
adolescence and 75% to 80% of obese adolescents will
become obese adults (16). Moreover, more than one-
third of overweight children will eventually become
obese adults (17). A child with a high BMI percentile
has a high risk of being overweight or obese at 35 years
of life and this risk increases with age (18), and child-
hood BMI was associated with adult adiposity (19).

Obesity in children is expected to continue to
increase in the 21st century, but the consequences
of this disease may be more severe as the duration of
obesity will be longer. It may therefore have a greater
deleterious impact on health and the rate of morbidity
and mortality than obesity starting in adulthood.

SECTION I
Obesity



MORBIDITY

Obesity in childhood is a major public health problem
as it increases the risks of developing a number of
health conditions and diseases (Table 1). These comor-
bidities have been associated with the increased
mortality rates attributed to obesity. The number of
deaths associated with obesity in the United States
has been reported to be as high as over 430,000 per
annum, a number that exceeds that attributed to smok-
ing (20), though others reported a lower death rate,
112,000 of obesity-attributable deaths (21). The actual
death rate prevalence of obesity continues to be
debated (22–24) though there is a general agreement
that the impact of this disease is enormous. Recently,
Olshansk et al. suggested that in the 21st century,
American obese children may die before their parents
due to a potential decline in life expectancy (22).

Obesity decreases longevity, a 7- to 8-year loss of
lifespan in 40-year-old nonsmoker individuals and a
13- to 14-year less lifespan in smokers (25); when obes-
ity occurred by 20 to 30 years of age there was a 22%
reduction in longevity, 17 to 20 less lifespan (26). Thus
it could be expected that the impact of obesity starting
earlier in life, beginning during childhood, would
be more dramatic and lifespan would be further
impaired. In a study by Must et al., long-term mor-
bidity and mortality of overweight adolescents were
examined (27). They demonstrated that obesity in ado-
lescent subjects was associated with an increased risk
of mortality from all causes and disease-specific mor-
tality among men, but not among women. The risk of
morbidity from coronary heart disease and athero-
sclerosis was increased in both men and women who
had been obese in adolescence. However, in a study
by Freedman et al., childhood overweight was related
to adverse risk factors among adults, but associations
were weak and were attributable to the strong persi-
stence of weight status between childhood and

adulthood (28). This suggested that body weight
reduction in the young may decrease the risks for
many of the obesity-related health disorders.

Medical Complications

The altered nutritional state in obesity results in several
alterations that have been linked as comorbidities of
the disease. Hyperinsulinemia is strongly linked with
cardiovascular diseases, Type 2 diabetes mellitus,
hyperlipidemia, and hypertension (29). Obesity is asso-
ciated with hypertension in 10% to 30% of children (30)
regardless of age, gender, and duration. Obese children
and adolescents tend to have elevated levels of total
serum cholesterol, triglycerides, and low-density
lipoprotein, and decreased levels of high-density lipo-
proteins (30,31). They are also at increased risk for
coronary heart disease (31–33). With few exceptions,
the clinical features of cardiovascular heart disease
are not apparent until the third or fourth decade of life.
However, there is substantial evidence that the athero-
sclerotic process is initiated during childhood (32–34).

Sensitivity to insulin glucose-mediated disposal
may be altered in obese children (35). When insulin
secretion cannot maintain the degree of hyperinsuline-
mia needed to overcome the resistance, Type 2 diabetes
mellitus develops. However even when individuals
secrete enough insulin to remain nondiabetic, if
they present an altered glucose-mediated disposal
with hyperinsulinemia they remain at increased risk
to develop a cluster of abnormalities that have been
given various names, best described as insulin resist-
ance syndrome (IRS) (Vol. 1; Chap. 11). IRS was first
described by Reaven in 1988 (29) and has been referred
as syndrome X, metabolic syndrome, and dysmeta-
bolic syndrome, the latest being the term used for
ICD-9 coding 277.9. However the primary reason to sel-
ect the term IRS is that the term denotes the central role
of hyperinsulinemia in the pathogenesis of the cluster
of abnormalities which characterize the syndrome,
namely a clinical quartet of hyperinsulinemia, hyperli-
pidemia, hypertension, and subsequent cardiovascular
disease (35–38). Clustering features of the IRS are
independent of gender and age in both black and white
populations (39).

It should be kept in mind that IRS may occur in
individuals who are not obese and that many obese
may not present this syndrome. It is believed that obes-
ity is a risk factor for the development of IRS and it is a
component of this metabolic syndrome since it has
been described in obese children (40) and adolescents
(41). However, only one-third of obese children and
adolescents have IRS (42), though it was present with
increased frequency and severity with a prevalence of
up to 50% in severely obese youngsters (35). IRS was
more highly prevalent among U.S. adults (43). Fasting
insulin levels can help identify children with hyper-
insulinemia: normal:< 15 IU/mL; borderline: 15 to
20 IU/mL; and high:> 20 IU/mL (44). The characteri-
zation of IRS and the recommended intervention in

Table 1 Comorbidities Associated with Obesity in Children

Insulin resistance syndrome

Type 2 diabetes mellitus

Hypertension

Dyslipidemia

Cardiovascular disease

Renal alterations and hyperuricemia

Early puberty

Polycystic ovary syndrome

Cholecystitis

Fatty liver disease

Sleep apnea

Respiratory infections and asthma

Orthopedic alterations

Dermatologic alteatios

Nutritional deficits

Birth defects in offsprings

Increased risk of cancer

Psychosocial problems

Eating disorders

Depression
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the pediatric population was clearly defined (45).
Hyperinsulinemia and insulin resistance account for
the observed highly prevalent abnormalities in glu-
cose tolerance in obese adolescents (46) and for the
development of acanthosis nigricans, a hyperpig-
mentation of skin, which is commonly seen in the
back of the neck, axillae, and other flexural areas (47).
Hyperinsulinemia is usually accompanied by hyperan-
drogenism, which leads to hirsutism and polycystic
ovary (PCO) syndrome (48). Amenorrhea, oligomenor-
rhea, and/or dysfunctional uterine bleeding are
common among obese adolescent females. Some of
these patients will also develop PCO (48–50). PCO is
now recognized as a component of the IRS (Vol. 1;
Chaps. 11 and 13). Insulin-lowering agents have
become the norm in the management of PCO (51).

There is a large body of literature demonstrating
that the lipotoxic fat is the visceral adipose tissue; this
may account for the differences in the prevalence of
insulin resistance in obese individuals (52,53). Chen
et al. suggested that this syndrome is characterized by
the linking of a metabolic entity (hyperinsulinemia/
insulin resistance, hyperlipidemia, and obesity) to
hemodynamic factors resulting in hypertension through
a shared correlation with hyperinsulinemia/insulin
resistance (54). Low-grade systemic inflammation, ele-
vated leptin concentration, and low adiponectin level
are described in very young obese children, correlating
with a range of variables of metabolic syndrome. Inflam-
mation and adipocytokines can play an important role in
the etiopathogeny of metabolic syndrome (55).

Cardiorespiratory fitness or physical fitness of
the individual is an attribute that determines the
alterations in glucose-mediated transport by the mus-
cle, thus inactivity and inaction play an important role
in the clinical expression and complications of the
syndrome (56,57). However, genetic components also
play an important role as there may be mitochondrial
activity alterations (58) and alterations in the retinoid
X receptor heterodimers (59).

Individuals who present with insulin resistance
may benefit from treatment aimed to reduce hyperin-
sulinemia independent of glycemia (60). The presence
of hyperinsulinemia favors the maintenance of the
obese state by stimulating lipogenesis via activation
of lipoprotein lipase and by inhibiting lipolysis (61).
It has also been known that the lipogenic action of
insulin occurs at a lower insulin concentration than
its glycoregulatory action (62). Additionally hyperin-
sulinemic obese children oxidized more fat and less
glucose than their lean counterparts (63). This impair-
ment of glucose metabolism may, in part, be caused by
an excessive utilization of fatty substrate (64). The
extent of the changes in insulin levels correlated with
increasing fat cell size and degree of obesity parti-
cularly in individuals with central obesity (65,66).

Nonautoimmune forms of youth-onset diabetes
have become increasingly prevalent as rates of obesity
in children and adolescents accelerated (67). Health
professionals have recognized an emerging epidemic

of Type 2 diabetes, mainly affecting minorities (68–
70). Epidemiological data suggest an almost fourfold
increase in the prevalence of Type 2 diabetes among
minority groups such as Native, African, and Hispanic
Americans aged 10 to 19 years over the past 10 years
(67,71). Increasing prevalence of Type 2 diabetes in the
youth is not limited to North America. For instance,
among Japanese junior high school students, the inci-
dence of Type 2 diabetes is almost seven times more
than for Type 1 diabetes mellitus (72,73). Impaired glu-
cose tolerance was highly prevalent among obese
children irrespective of ethnicity and was associated
with insulin resistance, while beta-cell function was
still relatively preserved (46). Those with insulin resist-
ance often developed Type 2 diabetes mellitus over a
two-year follow-up (35). However an earlier onset of
Type 1 diabetes mellitus in childhood has also been
observed with increasing body weight patterns (74).
Additional information on Type 2 diabetes mellitus in
children is presented in Vol. 1; Chap. 9.

Renal sequelae of obesity have been identified as
yet another obesity-related morbidity (75). Obese
adolescents present proteinuria, which has distinct clini-
cal and pathologic features and may be associated with
significant renal complications. Such proteinuria may
respond to weight reduction and/or treatment with
angiotensin-converting enzyme inhibitors. Obesity-
related glomerulopathy is distinct from idiopathic focal
segmental glomerulosclerosis, with a lower incidence of
nephrotic syndrome, more indolent course, consistent
presence of glomerulomegaly, and milder foot process
fusion or effacement (76). The 10-fold increase in inci-
dence over 15 years suggests a newly emerging epidemic.

Increased cholesterol turnover and its concen-
tration in the bile of obese individuals predispose
them to a high incidence of nonalcoholic steatohepatitis
(77). Nonalcoholic liver disease is a major cause of liver-
related morbidity and is usually associated with the
presence of insulin resistance in individuals with obes-
ity (78,79). Gallbladder disease, cholelithiasis, has been
reported to be three times more common in morbidly
obese people than in normal subjects (80). Gallstones
may also result while the obese person is on a hypoca-
loric diet. This may be due to mobilization of adipose
tissue cholesterol during weight loss (81). Furthermore,
the risk of colorectal cancer and gout was increased
among women who had been obese in adolescence.
Finally, obesity in adolescence was a more significant
predictor of these risks than being overweight in adult-
hood (82).

Rapid weight gain or obesity during infancy and
childhood are also risk factors for frequent respiratory
infections (83). The work of breathing is increased in
obese individuals and larger body mass places
increased demands for oxygen consumption and car-
bon dioxide elimination. Many obese subjects suffer
from chronic hypoxemia secondary to ventilation–
perfusion mismatch. This is characterized by increased
ventilation of upper lobes and increased perfusion of
the lower lobes. Insufficient elimination of carbon
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dioxide, in some obese subjects, leads to hypo-
ventilation (Pickwickian) syndrome (84), which is
characterized by chronic hypoxemia and hypercapnia.
These subjects have blunted respiratory drive to both
hypoxemia and hypercapnia.

However, parents of obese children and adoles-
cents usually report that their children snore loudly
and sometimes appear to stop breathing during sleep.
The apnea may be obstructive, central, or combined. In
most patients, no anatomical abnormalities of the upper
airway contribute to the development of obstructive
sleep apnea (OSA) (85). It has been shown that the occur-
rence of OSA in obese subjects is related to the size of the
region enclosed by the mandible (86,87) and sites and
sizes of fat deposits around the pharynx, as well as the
weight of the subjects. In patients with OSA, alveolar
hypoventilation results from increased oxygen demand
during the apnea episode. Coexistent cardiopulmonary
or neuromuscular disease in subjects with OSA can play
a role in the development of alveolar hypoventilation.
During the apnea episodes, the systemic blood pressure
increases whereas the heart rate and cardiac output
decrease. Apnea-associated cardiac arrhythmias have
been frequently observed in patients with OSA and
increase their risk for cardiovascular mortality (88).
Relief of respiratory obstruction alleviates OSA. This
may be accomplished by weight loss and continuous
positive airway pressure during sleep.

The prevalence of asthma and obesity has
increased substantially in recent decades, leading to
speculation that obese persons might be at increased
risk of asthma development (89). In adults, cross-
sectional, case–control, prospective, and weight-loss
studies are cumulatively consistent with a role for
obesity in the pathogenesis of asthma. However, a
study has suggested that increased BMI is associated
with asthma and atopy in women but not men. Popu-
lation-attributable fraction calculations estimate that
28% of asthma developing in women after age 9 is
due to overweight (90).

In children, a significant association between
excess weight and asthma incidence has been observed
(91). However, these findings remain controversial
because of the methodological limitations of many stu-
dies (89). Population surveys do suggest that persons
with asthma are disproportionately obese compared
with persons who have never had asthma. Weight-loss
studies on the basis of behavioral change and bariatric
studies have shown substantial improvements in the
clinical status of many obese patients with asthma who
lost weight (92). Clarifying the nature of the relationship
between obesity and asthma incidence and the role of
weight management among patients with asthma are
both critical areas with important implications for the
prevention and treatment of asthma.

Orthopedic complications of obesity are believed
to be largely of mechanical nature. During childhood,
slipped capital femoral epiphysis, Legg-Calve-Perthes
disease, and genu valgum tend to be more common
in obese subjects. Orthopedic disorders such as Blount’s

disease (tibia vara) and slipped capital femoral epiphy-
sis are frequently seen in obese adolescents (93,94).
In addition, overweight children are more likely to have
persistent symptoms six months after an acute ankle
sprain suggesting increased risk of chronic orthopedic
morbidity in obese following acute injury (95).

Obesity denotes ingestion of excess calories but it
does not necessarily denote intake of excess micronu-
trients. These children are at risk for iron deficiency
and have been shown to have this alteration frequently,
though they may not present anemia (96). There has
been increasing evidence that maternal obesity is
associated with an increased risk of congenital malfor-
mations, particularly neural tube defects (97,98). Folic
acid may not play a protective role in obese women
(99). These findings add to the long list of obstetric
morbidities among overweight pregnant women and
point to the need to prevent excess weight gain in
young women who may get pregnant.

Psychosocial Impact and Psychopathology
Psychosocial Impact
In addition to the medical complications associated
with obesity, the juvenile-onset obese subject is also at
risk for psychological morbidity (100). It has also been
shown that obesity tends to confer disability greater
than that associated with other forms of chronic illness
(101). This disability seems to be linked to the public
nature of obesity. Peer group discrimination prompts
parents to seek treatment for their obese child. Even
young school-aged children have been observed to
view their overweight classmates as less desirable
playmates (102). Overweight children are frequently
teased on the playground and usually excluded from
games. Obese children are under considerable psycho-
logical stress and are generally viewed by society as
clumsy, unattractive, and overindulgent.

Overweight children, as young as five years of age
associate their obesity with both lower body esteem and
perceived cognitive ability (103). A parent’s concern
about obesity and restriction of food were associated
with negative self-evaluations among girls (104). In
one study a mother’s own dietary restraint and concern
about daughter’s obesity predicted child-feeding prac-
tices. This suggests that a mother’s control over her
daughter’s feeding practices and concern about the
child’s obesity may be an important influence on the
daughter’s eating habits and relative weight (105).
Moreover, obese elementary school-aged girls were
more likely to be dieting and express concern about
their overweight than similarly aged boys (106). All of
these results suggest that childhood obesity has an
impact early in a child’s life and on the whole family.

Lowered self-image, heightened self-conscious-
ness, and impaired social functioning have been
noted in individuals who either become or remain
obese during adolescence (103). Studies of obese ado-
lescents have demonstrated obsession with being
overweight, passivity, and withdrawal from social
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contact (106). Some investigators have found similari-
ties between the behavior of obese subjects and racial
minorities expressing prejudice (107). In fact, it has
been shown that the obese persons were less likely
to get admitted to a college than their lean counter-
parts, although there were no significant differences
in their application rates, academic standing, or econ-
omic background (108). Moreover, obese individuals
are 20% less likely to marry and are of lower income
status than normal-weight individuals with other
chronic medical conditions.

Severely obese children and adolescents (aged
5–18 years) have lower health-related quality of life
problems than children and adolescents who are
healthy and living in a similar environment. This is also
compared with those children diagnosed as having
cancer (109). However, others have suggested that
obese children tend to demonstrate only decreased
physical and social functioning without significant
reduction in emotional and school functioning
compared with normal-weight children (110). Never-
theless, physicians, parents, and teachers need to be
aware of the risk for impaired health-related quality
of life among obese children and adolescents in order
to target interventions that could improve present
and future overall health.

Psychopathology

Although there have been many studies of psychopath-
ology in obesity, whether obesity is associated with
psychiatric disorders is controversial. Clinical studies
generally suggest that obese persons seeking weight-
loss treatment have elevated rates of mood and
binge-eating disorders (BED) (111,112). Of people in
weight-loss programs about 30% have a BED and these
people have a higher prevalence of overweight cate-
gories than those who do not have BED (113,114). On
the other hand, community studies suggested that obese
persons did not have elevated rates of psychopathology,
including depressive disorders (115). However, chronic
obesity was associated with oppositional defiant disor-
ders in boys and girls (116) and other studies found
an association between obesity, depression, and BED
in severely obese individuals (117).

Thus, in evaluating obese patients presenting for
treatment a diagnosis of BED should be considered.
The Diagnosis and Statistical Manual of Mental Disorders
(DSM-IV-TR) defines an episode of binge eating by
two features: eating in a discrete period of time
(i.e., two hours) an amount of food that is definitely lar-
ger than most people would consume and by a sense of
lack of control over eating during the episode and feel-
ing that one cannot stop or control what one is eating.
According to the DSM-IV BED and bulimia nervosa
share the same core of recurrent binge eating; however,
the bulimic patients present other inappropriate eating
behaviors to compensate for the binges, such as
self-induced vomiting, laxative misuse and excessive
exercise, among other distinguishing features.

It should also be kept in mind that severe chronic
mental illness is often complicated by obesity. In over
60% of patients withschizoaffective disorder and bipolar
disorder psychotropic drugs were used (118,119). The
choice of antipsychotic drugs used in children is parti-
cularly poignant in schizophrenia (120). Olanzapine is
frequently used as it is effective in inducing remission
of mental symptoms, but it is associated with marked
weight gain leading to obesity. As the weight problem
progresses adherence to the medication decreases, even
with newer antipsychotic medications (121).

Depression during childhood is also positively
associated with BMI during adulthood. This association
cannot be explained by various potential confounding
variables and may develop over time as children pass
into their adult years (122). Depressed adolescents are
also at increased risk for the development and persist-
ence of obesity during adolescence. Understanding
the shared biological and social determinants linking
depressed mood and obesity may inform the pre-
vention and treatment of both disorders (123).
Additionally, the medications used to treat depressive
disorders may also impact body weight gain (124).
While a cross-sectional study observed that overeating
among adolescents is associated with a number of
adverse behaviors and negative psychological experi-
ences (115), further research is needed to identify
whether objective overeating is an early warning sign
of additional psychological distress or is a potential
consequence of compromised psychological health.

Dieting/Body Image Problem

There is a culture of body image in our society, thus it is
important to pay close attention to the behavioral and
mental health concerns for children and adolescents.
The American Academy of Pediatrics Diagnostic and
Statistical Manual for Primary Care (DSM-PC) distin-
guishes dieting/body image behaviors that were, in
the past, difficult to categorize as eating disorders.
Children and adolescents may exhibit behaviors that
do not meet full DSM-IV criteria, yet still deserve
attention. The two specific complexes in the DSM-
PC–related diagnostic categories include dieting/body
image behaviors and purging/binge-eating behaviors
(125). There are two levels of pathology for both of
these behavior patterns in children that do not fulfill
DSM-IV criteria for an eating disorder. In DSM-PC,
variations constitute minor deviations from normal that
still might be of concern for a parent or clinician (125).
An adolescent with a dieting/body image problem will
be one who exhibits voluntary food limitation in a pur-
suit of thinness. If an adolescent experiences a
systematic fear of gaining weight that extends beyond
a simple dieting/body image variation with a more
severe intensity and purging/binge-eating behaviors,
a more severe problem needs to be appropriately diag-
nosed in accordance with DSM criteria.

Children want to be thin. They like to be slim
and trim and they fear being even a bit overweight.
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This fear is present among all individuals, even those
who are not overweight, but who want to be thinner
(126,127). Even children, by the time they reach the
first grade of school, prefer other disabilities to obesity
(128). The desire to be thin constitutes a problem that
must be considered as a form of social obesity. This
phenomenon often translates as a fear of obesity and
may lead to both health-promoting and health-
compromising eating behaviors (126,127). The appro-
priate health-promoting activities include exercising;
eating healthy foods, limiting the amount of food
eaten; and avoiding sweets. The health-compromising
activities might be the same but of a more extreme
degree and may also involve the use of diet pills, laxa-
tives, or water pills; self-induced vomiting; skipping
meals; dieting and fasting (129).

While children should be learning to enjoy food,
it appears that they often diet without supervision.
There is a high prevalence of extreme measures taken
by high school students throughout the country to
avoid obesity (130,131). They often diet and have inap-
propriate eating habits and purging behaviors. Young
persons, even when they are not overweight, diet to
avoid obesity at a time when they are still growing
and developing (127,130,132). This can adversely affect
their growth, resulting in nutritional growth retar-
dation (133). Based on gender, weight control
behaviors were found in 56.7% of adult women,
50.3% of adult men, 44.0% of adolescent girls, and
36.8% of adolescent boys (134). Moses et al. showed
that high school adolescents in an affluent suburban
location were dieting at a very high rate (127). Dieting
occurred in normal-weight and underweight students.
However, the proportion of the overweight students
who were dieting was relatively low: 50% to 60%. A
distorted perception of ideal body weight (below
appropriate body weight for height) was very preva-
lent among high school students. Adolescents knew
what their ideal weight should be, but preferred to be
10% less than their ideal weight for their height (127).

Dieting in childhood is a common habit even in
young children (129). Abramovitz and Birch found that
34% to 64% of the girls had ideas about dieting and
weight loss and understood the link between eating
and body shape (135). They modified their eating beha-
viors, such as drinking diet shakes and sodas, and use
of special diet foods, and had restrictive eating beha-
viors. Mothers played a very important role in
modeling both health-promoting and health-compro-
mising eating behaviors. Girls whose mothers
reported current or recent food restriction were more
than twice as likely to have ideas about dieting (135).
Another factor found to influence children’s ideas, con-
cepts, and beliefs about dieting was a family history of
overweight. The media was also mentioned by 55% of
the children as a source of dieting ideas (136).

Children not only diet, but also worry about their
body appearance, are concerned about and dissatisfied
with their body image; 55% of girls and 35% of boys in
grades 3 to 6 want to be thinner (136). Body image

dissatisfaction is an important risk factor for eating dis-
turbances, 4.8% of them had scores on the Children’s
Version of the Eating Attitudes Test suggestive of anor-
exia nervosa (137). Eating disturbances that emerged
during childhood led to inhibited and secretive eating,
overeating, and vomiting. Maternal body dissatis-
faction, internalization of the thin ideal, dieting,
bulimic symptoms, and maternal and paternal body
mass prospectively predicted the emergence of child-
hood eating disturbances. Infant feeding behavior
and body mass during the first month of life also
predicted the emergence of eating disturbances (137).

Parents who worry about their children becom-
ing overweight may set the stage for a vicious cycle.
Maternal perceptions of weight status of children is
often wrong (138). Those parents who control what
and how much their children eat may impede energy
self-regulation and put these children at higher risk
for overweight (139). These findings suggest that the
optimal environment for children’s development of
self-control of energy intake is that in which parents
provide healthy food choices but allow children to
assume control of how much they consume (139).
The Framingham Children’s Study showed that chil-
dren whose parents had high degrees of dietary
control had greater increases in body fatness than
did children whose parents had the lowest levels of
dietary restraint and disinhibition (140). The relation-
ship between dieting and weight change is also
important among children. Dieting to control weight
is not only ineffective but may actually promote
weight gain (141). Health-compromising behaviors
and the fear of obesity may have detrimental conse-
quences in children (134).

ECONOMIC IMPACT OF OBESITY

The increasing prevalence of obesity is associated with
rising health care costs. The cost of treating obesity-
related illnesses to the economy of the U.S. business
sector has escalated in recent years. It has been esti-
mated that over 9.0% of annual medical expenditures
are related to obesity (142). Health insurance expendi-
tures for treating obesity-related illnesses such as
hypertension, Type 2 diabetes, and coronary artery dis-
ease amounted to 43% of the total amount. Additional
costs include increased sick leave, and life and dis-
ability insurance payments. In 2003, annual U.S.
obesity-attributable medical expenditures were esti-
mated at $75 billion in 2003 dollars, and
approximately one-half of these expenditures were
financed by Medicare and Medicaid (143). Other coun-
tries have seen similar obesity-related increases in
health care costs (144), and spend a considerable
amount of available health care dollars for treating
obesity-related comorbidities.

Most obesity-related expenditures relate to
obese adults. There are few studies of the economic
impact of childhood obesity (145). The medical expen-
ditures of 6- to 17-year children quadrupled from
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1979–1981 to 1997–1999. The cost of care for obese
children will likely surpass the costs above mentioned
statistics once they reach adulthood. They will like
present earlier and more severe comorbidities as their
obesity will be longer and perhaps worse than that of
the current populations. Although, some managed
care organizations are now beginning to offer benefits
for the treatment of childhood obesity through better
access to established community childhood obesity
programs (146) their impact in reducing the preva-
lence and severity of obesity and its complications
remains to be proven.

ASSESSMENT

The measurement of body weight, the parameter com-
monly used to assess adiposity, is not an optimal
method to differentiate between being overweight
and being obese. Indeed, individuals with larger than
average body frames or excess muscle mass (athletes)
may be mistakenly considered obese since they have
excess body weight. However, obesity may also be
prevalent among athletes, i.e., one-fourth of NFL foot-
ball players had BMIs in the class 2 range, denoting a
body weight that would not be due only to a healthy
increase in lean body mass (147). Moreover, in a pri-
mary care setting, the excess body weight at the
time of a visit to a pediatrician is not usually plotted
on a growth chart and does not appear to be a concern
as obese children are rarely referred to specialists,
whereas underweight children usually get a work
up and are often referred to a subspecialty (148).
The referral of obese children to pediatric endocrinol-
ogists is usually late, occurring long after obesity
onset, usually seeks an assessment of endocrine
comorbidities and IRS, and is ineffective for the treat-
ment of obesity (149).

Growth

Plotting the growth and weight of children in age-
specific growth charts allows a precise assessment of
a child’s status. It helps the clinician to evaluate a
child’s weight and its relationship to height, and it
provides a view of the growth pattern, which deter-
mine the gravity of the situation. The importance of
growth charts in the evaluation of childhood obesity
is illustrated in the example shown in Figure 1. Julie
was a five-year-old girl with a pattern of morbid obes-
ity. Review of her growth records revealed that Julie’s
rate of weight gain became excessive after three
months of age and progressed at an accelerated pace
after one year of age. This coincided with an acceler-
ation of linear growth but of a lesser magnitude
than that of weight gain. The final point on Julie’s
growth chart (weight: 50 kg; height: 116.5 cm) repre-
sents 249% of her ideal body weight for height. In
contrast, in Figure 2, the growth chart of Michael with
a pattern of constitutional overweight is shown. In
this patient, body weight progression was constant

throughout, being two major percentiles above that
of height with an excess weight for height of 38%
throughout his lifespan.

These two types of growth patterns provide
clear evidence of two distinct clinical patterns of obes-
ity necessitating different approaches. In Julie’s case,

Figure 1 Growth chart of Jullie, a patient with obesity (see text).

Figure 2 Growth chart of Michael, a patient with constitutional over-

weight (see text).
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all efforts need to be made to stop the disproportionate
body weight accretion including new patential
therapies (150). In Michael’s case, caution must be exer-
cised not to interfere with the balance and adjustment
already achieved by the patient in maintaining body
weight. In a survey of high school children, Pugliese
et al. showed that constitutional patterns of overweight
are encountered in about 25% of high school students
with excess body weight for height, remaining pro-
portional throughout their school years (151). The
morbid obesity pattern of growth was rare, observed
in 0.8% of students. Therefore, the clinical assessment
of an obese child must include measurements of height
and weight progression for the proper assessment and
recommendations for treatment.

Body Mass Index

BMI is a widely used method to define the relationship
between weight and height (152). Charts of BMI rela-
tive to age are used to determine childhood obesity.
BMI percentiles can be downloaded directly from the
Centers for Disease Control (153). They are easy to
use, nonintrusive, and have been validated against
measures of body fat. The BMI is calculated as weight
(kg)/height (m2) and provides a practical clinical tool
for classification of individuals with normal weight
and those with various degrees of obesity. In the adult
a grade I obesity is that with a BMI of 25 to 29; grade II
is a BMI of 30 to 40; and grade III is one with a BMI of
more than 40. The BMI system of classification of obes-
ity is important because it denotes the risk for medical
complications of obese patients, which increase at BMI
levels above 25 (154). Individuals with a BMI above 27
have a markedly increased risk for hypertension,
hypercholesterolemia, and diabetes mellitus. In con-
trast, when the BMI index is less than 25, there are no
apparent physical effects of obesity on the individual,
although there may be social and psychological con-
cerns with body appearance. However, the use of
BMI has limited applications in the assessment of over-
weight children since its calculation is based primarily
on a stable height, which is not applicable to growing
children. Also, the BMI can underestimate the percent-
age of lean body mass since it does not account for
variations in musculature. This BMI paradox was
clearly illustrated by Yajnik and Yudkin (155).

Children’s BMIs at or above the 85th percentile
are considered overweight and those above the 95th
percentile are obese. Furthermore, no differences in
the relationship between BMI and age exist among
boys and girls up to age 20 in the United States, Uni-
ted Kingdom, Japan, and Singapore (156). The BMI
charts clearly denote the usual percentiles and will
distinguish a stage 1 obese child when the BMI is
between the 85th and the 95th percentile for age.
However, it will not determine the stage 2 or 3 of
obesity as it does for the adult as the excess total
BMI will vary with the age of the child. We have uti-
lized an excess of > 50% over the 50th percentile for

age to define stage 2 obesity and an excess of
> 100% over the 50th percentile to define stage 3 obes-
ity in children.

There are several potential errors associated with
BMI as an indicator of obesity in children (157). The
increasing height in children from birth until adult-
hood may cause a difference in the weight-for-height
relationship assumed in current BMI-for-age charts.
Gender and age also affect body weight and height.
Furthermore, puberty may introduce another change
in the weight-for-height relationship. Ethnic origin
and social class may also affect both body weight
and height. Nonetheless, BMI correlates (> 0.8) with
body fat as determined by both skinfold thickness
measurements and by densitometry (158). This
suggests that BMI is a reasonable criterion for deter-
mining obesity in children and adolescents. However
in adults, these relations are simpler because adult
height is assumed to be fixed. Therefore, body weight
is adjusted for height only. However the progression of
the BMI as the child grows will be a more appropriate
longitudinal measurement, as it denotes the accumu-
lation of excess fat over time and whether this is
progressing in the same percentile or if it is crossing
percentiles, as in the case of body weight progression
mentioned above.

It should be kept in mind that the BMI adjustment
for the age of the child may change over time. One study
found that the power used to adjust height (Benn index)
changed from 2.0 to 3.5 over the first 20 years of life
in order to maintain the best relationship with skin-
fold thickness. The strongest relationships with
skinfold thickness were obtained in children between
9 and 10 years old. Using only a Benn index of 2.0
may introduce subtle errors in BMI when used in
younger children. Taller children will tend to have
greater BMIs than shorter children. However, trying
to correct for age with the Benn index will lead to
more errors than if just one standard Benn index of 2.0
is used (159).

Skinfold

Skinfold thickness from several separate sites, includ-
ing both trunk and extremities, provide a reliable
estimate of obesity and regional fat distribution, if
properly measured. The correlation of multiple skin-
fold measurements with total body adiposity is in
the range of 0.7 to 0.8. One problem with skinfold
measurements is that the equations used must be
changed for age, gender, and ethnic background.
Body fat increases with age, even though the sum of
the skinfolds remains constant. This means that the
fat deposition with age occurs in large part at sites
other than subcutaneous ones (160). Also, triceps skin-
fold (TSF), which is typically the site of measurement,
is often difficult to grasp and measurement reliability
can be poor. It has been observed that there is a strong
correlation between BMI and TSF among age- and
gender-matched groups, suggesting that these
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measures are interchangeable for use in classifying
individuals and in the evaluation of secular trends
of obesity and morbid obesity (161). However, it
should be noted that the clinician measuring skinfolds
should be appropriately trained to be accurate.

Body Fat Measurement

Body composition tables for age and sex of children
are in Vol. 1; Chap. 20. Additional information regard-
ing body fat may be elicited from National Health and
Nutrition Examination Survey (NHANES) measure-
ments by participant age and gender—eight years
and older (162).

Several methods are available for the estimation
of body fat content. These include methods that mea-
sure body density: body weight in and out of the
water. This process makes it possible to fractionate
the body into its fat and lean components, assuming
a density for fat of 0.91 g/cm2. The technique remains
basically a research method. The recent availability of
the BodPod Body Composition System allowed accu-
rate determinations of body composition without the
associated problems with hydrostatic weighting (163).
The principle of the method is similar to hydrostatic
weighting except that body volume is now obtained
by air displacement. Subjects sit for two minutes in a
450 L chamber and a moving diaphragm determines
the difference in air pressure between where the subject
is sitting in the front chamber and a rear reference
chamber. The pressure difference, along with the sub-
ject’s body weight, is used to calculate body volume.
From these results, body density is calculated and
any of the standard equations for calculating fat-free
mass (FFM) and fat mass can be used. The procedure
is entirely safe and requires no special cooperation on
the part of the subject and has been validated against
hydrostatic weighting (164). Furthermore, the BodPod
Body Composition System can accommodate adults up
to 160 kg (350 lb). In children the BodPod Body Compo-
sition System may underestimate body fat up to 3%
when compared with dual-energy X-ray absorptio-
metry measurements (165). Recently the same
manufacturer produced a BodPod for infants (PEA
POD), which has been validated and is now commer-
cially available (166).

However, bioelectrical impedance analysis has
been commonly used as a noninvasive and inexpen-
sive method for estimation of body fat and lean
mass (167). Bioelectrical impedance relies on the
association between conductivity and tissue fluid
and electrolyte content. It has proved to be fairly
reliable in assessing total body water, but is less
reliable in the estimation of body fat, especially in
obese children (168,169).

Other noninvasive methods, such as the use of
ultrasound waves applied to the skin, can provide a
measure of fat depth (170). However, the data derived
from the ultrasound method were 15% to 25% lower
than that obtained by calipers. The authors concluded

that the ultrasound-derived body fat estimates repre-
sented only the subcutaneous body fat and not the
whole-body adiposity (i.e., visceral fat). On the other
hand, other studies have shown that sonography is
a reliable tool in measuring small variations in quan-
tities of intra-abdominal (visceral) fat and is superior
to waist-to-hip ratio (WHR) in evaluating regional
fat distribution and visceral adiposity (171).

Dual-energy X-ray absorptiometry has been
shown to be a reliable method for estimating FFM
and body fat. It has a unique ability to provide precise
measures of regional fat mass, lean mass, and bone
mineral content (172–174). Computerized axial tom-
ography (CT) scan and magnetic resonance imaging
(MRI) can also be used to quantitate lean and fat tissue.
They provide accurate anatomical details and can
reliably measure total and regional body adiposity
(175). In a recent study, Ross et al. (176) demonstrated
that MRI can provide a reliable measure of subcuta-
neous and visceral adipose tissue in obese subjects.
A principal benefit of measuring adipose tissue by
MRI or CT is the development of mathematical equa-
tions from external anthropometry that can predict
MRI adipose tissue. However, the cost precludes the
use of these methods for clinical purposes.

Validation for the use of total body electrical con-
ductivity (TOBEC) for body composition measurements
in children has allowed accurate determinations of FFM
and fat mass without the assumptions associated with
other methods. This method is appealing due to its ease
of use, lack of radiation exposure, and the fact that little
subject cooperation is required. The entire procedure
takes only five minutes and does not require that infants
or young children be sedated, though it does require the
subject to remain still. The instrument registers the mag-
nitude of the magnetic field disruption and provides a
value referred to as the TOBEC number. The square root
of the TOBEC number has been found to be directly cor-
related with FFM and fat mass (177).

There are multiple popular technologies to
determine body fat: a Google search in October
2005 listed 15,700 sites. Some of the most frequently
used ones are: (i) Body Fat Scales-Are they worth
it? (178); (ii) Fat Track Pro Digital Body Fat Measure-
ment System-Nutricraze (179); (iii) Equistat: Total
body water and ECFV measured using bioelectrical
impedance (180); (iv) Body Composition-Tanita
Innerscan (181); (v) Balance Beam Scale-seca 700
(182); and (vi) DietMaster 2000 Software: Body Com-
position Screen (183). These technologies have not
been standardized in children and have high repli-
cation errors.

Fat Distribution

It has long been known that there are major morpho-
logical and metabolic features that differentiate upper
from lower body obesity (184–186). Body fat distri-
bution is more important than percentage of body fat
in predicting morbidity. Adults with a preponderance
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of abdominal fat (android) as measured by a WHR in
excess of 0.8 have a higher frequency of hypertension,
hyperinsulinemia, diabetes, and hyperlipidemia than
equally obese individuals with predominantly pelvic
(gynecoid) fat distribution (187,188). In children there
is also an increased prevalence of obesity-related
morbidities with increasing WHR (189) Thus, the
evaluation of body fat distribution is an essential
element in the assessment of obesity. However, it
has been observed that WHR cannot predict visceral
adiposity in obese individuals as accurately as other
more sophisticated methods (170,173). CT scan, or
MRI, measures of visceral-to-subcutaneous fat tissue
ratio (VSR) has been shown to be a better index of
regional fat distribution than WHR (190,191). Further-
more, VSR correlates more closely with metabolic
variables such as levels of serum lipids, insulin, and
glucose than WHR.

However, the clinical use of waist measurements
to assess the presence of upper body obesity in obese
children is of practical significance. It may be associa-
ted with development of acanthosis nigricans along
the skin creases of posterior cervical, axillary, and other
flexural areas. Waist circumference (WC) measurement
is at least as strong as is BMI in predicting cardiovas-
cular disease risk (192) and there was a correlation
between the WC and the presence of risk obesity-
related comorbidities. The WC of more than 102 cm
in men and more than 88 cm in women have been
recommended for determination of obesity-related
comorbidities (193). Also, Wang et al. demonstrated
that both overall and abdominal adiposity strongly
and independently predict risk of Type 2 diabetes (194)
and that WC is a better predictor than is WHR. How-
ever, these investigators suggested that the currently
recommended cutoff for WC of 102 cm for men may
need to be reevaluated; a lower cutoff may be more
appropriate. Recently the percentiles of WC of children
of various racial backgrounds were published (195).
These tables are shown in Vol. 1; Chap. 20.

WHO IS AT RISK?

It has been shown that parental fatness is related to
future obesity in their children. Obese parents impose
a great risk that their children will be overweight.
When both parents are overweight, about 80% of their
children will be obese. When one parent is obese, this
incidence decreases to 40%; and when both parents
are lean, obesity prevalence drops to approximately
14% (191). There is more than a 75% chance that chil-
dren aged 3 to 10 will be overweight if both parents
were obese. This drops to a 25% to 50% chance with
just one obese parent. These statistics suggest that life-
style modification and treatment intervention at an
early age may be important for preventing future ado-
lescent and adulthood obesity (196). However, the
reasons for these associations are not clear since most
of the studies fail to separate the genetic and environ-
mental influences in a critical way.

The susceptibility to obesity may begin in utero
and in early life (Vol. 1; Chap. 12). Maternal-uterine
restraint and rapid early catch-up growth are strong
risk factors for the development of obesity and its com-
plications (197). Roberts et al. (198) showed that
excessive weight gain among a group of infants born
to obese mothers was accompanied by reduced level
of energy expenditure for activity. Furthermore, Ravussin
et al. observed decreased levels of energy expenditure
in obese compared with nonobese families (199). These
findings are in accordance with the energy intake at six
months, which predicted body fatness by one year of
age (200). In contrast, several studies have found that
energy intake in infants less than three months old is
not a determinant of body fatness by two to three years
of age (201,202).

The metabolic studies in infants cited above
(199–202), which tried to identify alterations in meta-
bolic rate that may contribute to future obesity, were
inconclusive due to methodology limitations. Recent
improvements in indirect calorimetry technology
have enabled more accurate measurements of infant
energy expenditure. With the new Enhanced Meta-
bolic Testing Activity Chamber (EMTAC), validated
for accurate measurements of the components of
energy expenditure, such as resting and sleeping
metabolic rates, along with physical activity, in infants
(203,204), the relationship between maternal obesity
and infant feeding-interactions was studied (205).
Infants born to obese mothers consumed more energy
more rapidly, and more energy as carbohydrate than
normal-weight counterparts. Most of the increased
intake was from complementary feedings. Further-
more, obese mothers spent less time interacting and
feeding their infants who slept longer. However, there
were no differences in total daily energy expenditures,
resting metabolic rate, and sleeping metabolic rate
between infants born to obese and normal-weight
mothers. These variations in feeding-interacting prac-
tices appeared to be more important than the inborn
metabolic parameters in predisposing them to obesity.

There is a strong influence of many environmen-
tal factors on the rate of weight gain, with or without a
genetic susceptibility (206). Weight gain and adiposity
in infancy and early childhood are influenced by sev-
eral environmental factors (207). For instance, birth
weight, duration of feeding, male gender, and age at
the introduction of solid foods seem to affect the rate
of weight gain during the first year of life. Maternal
weight becomes a significant determinant for adi-
posity during the second year of life when the
maternal environmental influences contribute to the
development of obesity, since they determine the
child’s energy intake and expenditure (208). Vigorous
feeding of infants and children may set the stage for
the development of obesity (205,209,210). Overweight
children have been observed to eat more rapidly and
chew their food less than those of normal weight (209).

Body adiposity and growth of newborns are
influenced by maternal weight and rate of weight gain
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during the prenatal period (211). Infants of diabetic
mothers have increased body adiposity at birth and
at one year of age (212) and macrosomic infants of
mothers with gestational diabetes mellitus (GDM)
have evidence of increasing body size and adiposity
with increasing age and that maternal GDM and
maternal prepregnant adiposity are predictors of such
growth patterns (213).

GENETICS

It has long been known that obesity runs in families.
The role of genetics in obesity was evaluated by
Stunkard et al., who demonstrated no relationship
between the body fat indices of adoptive parents and
their adoptive children (214). They showed that BMI
of biological parents was more closely correlated with
the weight status of their offspring even when they
did not live together. The importance of the genetic
component was also confirmed by studies involving
monozygotic twins (215). The BMIs of identical twins
reared apart compared with those reared together were
essentially the same. In addition, the correlation coeffi-
cients utilized to estimate the heritability of skinfold
thickness in twins showed that there was a significant
environmental component among children less than
10 years, whereas heritability estimated in twins more
than 10 years of age was very high (216). The herita-
bility of body fatness and of body fat distribution in
adulthood was 65% to 80%, which is similar to the
heritability of height.

In a study involving Swedish adult twins,
Heitmann et al. (217) suggested that although food
choices seemed to also play a role in the frequency of
consumption of various foods, genetics also influ-
enced the preference for several foods. However,
there was no evidence that the consumption frequency
of any of the foods was differentially associated with
expression of genes responsible for weight gain. In a
separate study, Faith et al. (218) showed that genetic
influences played a role in percent body fat (PBF) in
twins, including monozygotic and dizygotic pairs,
from 3 to 17 years of age. The analyses indicated
significant genetic influences on PBF, with genes esti-
mated to account for 75% to 80% of the phenotypic
variation. The remaining variation was attributable
to nonshared environmental influences.

A poignant example of the role of genetics and
environment in determining the development of obes-
ity was clearly illustrated by the Pima Indian studies.
Those living in the United States developed severe
obesity whereas their counterparts living across the
border in Sonora Mexico did not (219,220). Energy
expenditures played a most important role in the same
genetic component. Indeed, it is likely that
the combination of continuous food abundance and
physical inactivity eliminates the evolutionarily
programmed biochemical cycles emanating from
feast-famine and physical activity-rest cycles, which
in turn abrogates the cycling of certain metabolic

processes, ultimately resulting in metabolic derange-
ments such as obesity and Type 2 diabetes (221).
Perhaps a critical mechanism to break the stall of the
metabolic processes would be through exercise or via
the regulation of ‘‘physical activity genes,’’ some of
which may also be potential candidates for the ‘‘thrifty
genes’’ of our hunter-gatherer ancestors (222).

Genes

The genetics of body weight regulation have been pre-
cisely documented (223). Several genome scans have
been performed for adult obesity and obesity-related
phenotypes in various ethnic groups (224–226). Differ-
ent chromosomal regions have also been identified in
these whole-genome scans including linkage to chro-
mosomes 2p, 7q, 10p and q and 2p (227–230). Saar
et al. performed a genome scan for childhood and
adolescent obesity in German families (231). The chro-
mosome 10p linkage can be considered one of the most
consistent findings in obesity scans. Indeed, candidate
genes localized within the chromosome 10 and 11
regions of interest including glutamic acid decarboxy-
lase 2 (chromosome 10) and angiotensin receptor-like
1 (ciliary neurotrophic factor, galanin, and uncoupling
proteins 2 and 3) show some potential. Further, these
linkage studies in children and adolescents suggest
that the genetic basis of childhood and adolescent obes-
ity might not differ that much from adult obesity.

Essential maternal–placental factors that include
maternal genetic material from the mother or from fetal
placenta include the mitochondrial DNA 16189 variant
and H19 (232). These maternal genetic factors may also
play a role in the way the infant grows and in the devel-
opment of obesity and comorbidities late in life. In
particular these influence smaller, growth-restrained
infants. Fetal genes include the insulin gene (INS) vari-
able number of tandem repeat (VNTR), which is known
to be associated with birth size and cord blood insulin-
like growth factor (IGF) -2 levels (233). These fetal gene
effects are more evident in the absence of maternal-
uterine growth restraint. During postnatal life, the
INS VNTR III/III genotype remains associated with
body size, including BMI and WC, and also lower insu-
lin sensitivity among girls.

However, there are significant gene–environment
interactions that may determine the development of
obesity. Rapid ‘‘catch-up’’ early postnatal weight gain,
which follows maternal-uterine restraint, strongly pre-
dicts later childhood obesity and insulin resistance
(197). Among these children, those with INS VNTR
class I alleles are more obese. For further review of
the endocrine/genetic adaptations present in growth-
restricted infants see Vol. 1; Chap. 12. Genetic factors
that influence early growth may have conferred some
early survival advantage in human history during
times of undernutrition. These genetic factors and their
interactions with maternal and childhood environmen-
tal factors that influence childhood growth may now
contribute to the early development of adult disease
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risk as there is abundant nutrition and rising obesity
rates. Their identification may help the development
of targeted early interventions to prevent the pro-
gression toward adult disease.

Human Single Gene Mutations

The most dramatic examples of the role of genetics in the
control of body weight are evident by the existence of
single gene mutations that result in marked obesity.
Table 2 summarizes the mode of inheritance of these
single genes and literature references (234–253).
Additionally there are single gene mutations in rodents
that are associated with obesity (254,255). Humans and
rodents share some of these mutations. In monogenetic
or dysmorphic forms of obesity, transmitted by both
recessive and dominant modes of inheritance, there are
also alterations in energy balance that result in obesity.

Patients with Prader-Willi syndrome are charac-
terized by hyperphagia, hypotonia, developmental
delay, hypogonadism, and short stature (234). In these
children, obesity may start during the first year of life
and becomes prominent by the second year, which in
the presence of hyperphagia can result in morbid
obesity. They show extreme elevations of Ghrelin,
the hunger hormone (235). It was previously sug-
gested that a low metabolic rate caused the obesity
in these children (236). However, it has been demon-
strated that a lower energy requirement of these
children is due to less FFM and not to an unusually
low metabolic rate (237). Translocation or deletion of
chromosome 15 q11-q12 uniparental maternal disomy,
has been reported in about 50% of these patients (238).

Lawrence-Moon-Bardet-Biedl syndrome is another
dysmorphic form of obesity characterized by retinitis
pigmentosa, hypogonadism, mental retardation, and
polydactyly. It is inherited by an autosomal recessive
gene located in chromosome 16q21 15q22-q23 (239). It is

believed that excessive weight gain in these children
is caused by disturbance of hypothalamic appetite
center(s), which leads to increased food intake. Pseudo-
hypoparathyroidism (Type 1A) (PHP) is also associated
with obesity and short stature and is characterized by
short fourth metacarpal, short thick neck, rounded facies,
mental retardation, and hypocalcemia (240). It is com-
monly inherited as an autosomal dominant trait and
may be accompanied by hypothyroidism and gonadal
failure. The gene is located in chromosome 20q13.2.
These patients present a germline loss of function muta-
tions in the alpha subunit of the ubiquitously expressed
G protein that couples many hormone receptors to
the adenylate cyclase second messenger system. The
hypothalamic GS protein-coupled melanocortin 4
(MC4) receptor in the hypothalamus, which mediates
the effects of leptin on inhibition of satiety as described
below. PHP patients present genetic mutations in GS
alpha, which result in severe obesity and hyperphagia
(241). Other genetic syndromes that include obesity are
Alstrom, Carpenter, Cohen, and proopiomelanocortin
(POMC). The mechanisms of excess weight gain in these
patients have not been elucidated, but their gene muta-
tions have been characterized (Table 2).

Obesity due to POMC deficiency is another
example of a single gene mutation leading to obesity
(250). The symptoms of severe early-onset obesity, adre-
nal insufficiency, and red hair that define POMC
deficiency syndrome. This was described in children
with complete loss-of-function mutations of the human
POMC gene. In POMC deficiency, obesity reflects
the lack of POMC-derived peptides as ligands at the
MC4 and MC3 receptors, which are expressed in the
hypothalamic leptin–melanocortin pathway of body
weight regulation. Hypocortisolism and alteration of
pigmentation are caused by the lack of POMC-derived
peptides at the adrenal MC2 receptor and the skin
MC1 receptor, respectively. These patients were

Table 2 Human Gene Mutations Associated with Obesity

Syndrome Chromosome Phenotype References

Prader-Labhart-Willi 15q11-q12a Mental retardation, short stature hypotonia cryptorchidism 234–238

Alstrom 2p14-p13b Blindness, retinal degeneration, nerve deafness, nephropathy hypogonadism,

Type 2 diabetes

255

Lawrence-Moon-Bardet-Biedl 16q21 and 15q22-q23b Retinitis pigmentosa, mental retardation, polydactyly, hypogonadism 239

Carpenter Unknownb Mental retardation, acrocephaly poly- or syndactyly, hypogonadism 255

Cohen 8q22-q23b Mental retardation, microcephaly, short stature 255

Pseudohypoparathyroidism

(Type 1A)

20q13.2c Mental retardation, short stature, subcutaneous calcifications,

short metacarpals

240–241

Beckwith-Weidermann 11p15.5b Hypoglycemia/hyperinsulinemia hemihypertrophy 255

Nesidioblastosis 11p15.1bc Hypoglycemia/hyperinsulinemia 255

Prohormone convertase 5q15-q21a Hypogonadotropic hypogonadism, hypocortisolism 255

Leptin deficiency 7q313b Hyperphagia, delayed puberty, hypometabolic 242–244

Leptin receptor 1p31-p32b Hyperphagia, delayed puberty, hypometabolic, altered leptin transduction 245–249

POMC 2p23.3b Red hair, hyperphagia, adrenal insufficiency 250

MC4R deficiency 18q22c Early-onset hyperphagia, binge eating, increased growth and bone density 251–253

aUniparental maternal disomy.
bRecessive.
cDominant.

Abbreviation: POMC, proopiomelanocortin.

Source: Adapted from Ref. 254.
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diagnosed based on the clinical trials of red hair, adrenal
insufficiency, and early-onset severe obesity. One pre-
viously described translation initiation mutation
(C3804A) as well as one new nonsense (A6851T) and
two new frame-shift mutations (6996del and 7100þ
2G) were found in homozygosity or compound hetero-
zygosity. The heterozygous parents were found to have
high normal or mildly elevated body weight, suggest-
ing a dosage effect of the POMC gene product on
weight regulation. To compensate for the lack of
hypothalamic melanocortin function, two patients were
treated with intranasal ACTH4-10, a melanocortin frag-
ment for which an anorexic effect has been described
recently. During three months with increasing doses of
ACTH4-10, no change of body weight or metabolic rate
was observed, suggesting that at least in these two
POMC-deficient patients ACTH 4–10 is without any
compensatory effect. In the same two patients, further
investigation revealed a mildly elevated thyroid-
stimulating hormone (TSH). However, a one-year
treatment with thyroid hormone did not result in a
significant reduction of body weight.

It is known that the loss of function mutations of
the melanocortin 4 receptor (MC4R) gene lead to
severe obesity in humans and in mice. These genetic
mutations are the most common cause of monogenic
human obesity since they disrupt the appetite control
centers in the hypothalamus (251). In 2003, there were
two papers published which clarified the clinical syn-
drome resulting from the mutations in the appetite
controlling MC4R gene. In the first paper, Farooqi
et al. (252) determined the nucleotide sequence of
the MC4R gene, which is known to be a cause of a
monogenic form of obesity. They studied 500 pro-
bands with severe obesity and examined the
cosegregation of identified mutations in these famil-
ies, and in the subjects who were found to have
MC4R deficiency they performed a metabolic-
endocrine evaluation and characterized their clinical
phenotype. The results were correlated with the sig-
naling properties of mutant receptors. Twenty-nine
probands (5.8%) had mutations in MC4R; 23 were
heterozygous and six were homozygous. Mutation
carriers were severely obese; their mean percentage
of body fat was 43% of their body composition. Excess
body weight gain was evident since the first year of
life. They also presented increased lean body mass,
increased linear growth, hyperphagia, and severe
hyperinsulinemia. However, serum leptin and lipid
levels, metabolic rate, and thyroid, adrenal and
reproduction function were normal. Homozygous
individuals were more severely affected than the
heterozygous ones. The subjects with mutations who
retained some residual signaling capacity had a less
severe phenotype than those with a totally absent sig-
naling capacity. MC4R mutations resulted in a distinct
obesity syndrome inherited in a co-dominant manner.
The authors concluded that MC4R alterations play
a key role in the development of a distinct form of
severe obesity commencing in early childhood.

In the second paper, Branson et al. (253) studied the
interactions of genetic and environmental factors, which
may have a bearing on the development of obesity in
MC4R-affected individuals. Four hundred sixty-nine
severely obese white subjects with an average age of
42 years and with a mean body-mass index of 44, and
25 control subjects with normal weight and no history
of obesity or dieting were included in this study. They
sequenced (i) the complete MC4R coding region, (ii) the
POMC gene region, which encodes the a-melanocyte-
stimulating hormone (MSH), and (iii) the binding
domain of the leptin receptor (LEPR) gene (245). They
also obtained detailed data concerning phenotypes, rest-
ing energy expenditure, diet-induced thermogenesis,
serum leptin levels, and eating behaviors. Twenty-four
of the 469 obese subjects (5.1%) and one of the 25 controls
(4%) had MC4R mutations, including five novel var-
iants. All mutation carriers reported binge-eating
behavior, defined as repeated rapid consumption at least
twice per week of an unusually large amount of food in
the absence of hunger, causing the subject to feel embar-
rassed, depressed or guilty and out of control. This 100%
prevalence of binge eating in MC4R mutation patients
was compared with a 14% frequency of such behavior
in obese subjects without genetic mutations. The preva-
lence of binge eating was similar among carriers of
mutations in the LEPR to that of noncarriers. No muta-
tions were found in the region of POMC encoding an
MSH. The authors concluded that binge eating is a major
phenotypic characteristic of subjects with a mutation
in MC4R, a candidate gene for the control of eating
behavior.

These two papers simultaneously published in
the New England Journal of Medicine are landmark stu-
dies. They contribute greatly to the understanding of
the pathogenesis of obesity in humans. Farooqi et al.
determined that the proportion of obesity attributed
to a mutated gene of MC4R is as high as 6% of severely
obese individuals who had obesity since early child-
hood. Thus, patients carrying MC4R mutations consti-
tutedanimportant subgroupof theseverelyoverweight
population. Given the high prevalence of observed
MC4R deficiency, it appears that this condition repre-
sents the most common form of monogenic obesity
in humans. Pediatricians and pediatric endocrinolo-
gists should be on the look out for this, especially in
children who gain excess weight beginning in early
childhood. Clinically, these patients differ from those
with Prader-Willi syndrome, who also have another
form of monogenic severe obesity, by the normal stat-
ure and muscle development, which are abnormal in
Prader-Willi syndrome.

The second study showed that overweight
people who are binge eaters are more likely to harbor
genetic mutations of MC4R than overweight people
who constantly overeat. Until now, binge eating was
considered a psychological phenomenon or disorder
as described above in the section of psychosocial
alterations. For the first time a genetically driven
characteristic was demonstrated. MC4R mutations
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appeared to disrupt brain signals governing satiety.
Both studies clearly document that there are severely
obese individuals who overeat, not because of lack of
will power, but because they have a genetically
determined pathological syndrome.

However, these data also demonstrate that there
are some individuals who have genetically determ-
ined mutations, yet are not obese. The reverse also
occurs; specifically, binge-eating behavior may occur
and not be found to be associated with genetic muta-
tions of MC4R. Thus, these two reports also support
the thesis that the etiology of obesity is multifactorial,
even in individuals who have a genetically determ-
ined alteration in the appetite control centers in the
hypothalamus. In these patients, as well as in other
obesities, excess energy intake over energy expendi-
tures must occur for obesity to develop.

A major advance in understanding the pathogen-
esis of obesity was the discovery of the hormone leptin
(246). It is produced by adipose tissue and has been
found to modify feeding behavior in rodents by
suppressing food intake and stimulating energy expen-
diture (247,248). The ob/ob and db/db mice have
mutations in the genes encoding LEPR (249). These
experimental animal models allowed for the evalua-
tion of leptin metabolism in obese humans (256).
Consequently, individuals with total or partial leptin
deficiency and leptin resistance due to a defect in LEPR
were rapidly recognized (242–244,256–261). These
single gene anomalies are associated with hypogona-
dotropic hypogonadism (258), hyperphagia, and
severe early-onset obesity (244,257). Congenital leptin
deficiency was shown to be due to homozygocity of
the delta 133G mutation (261). It has also been associa-
ted with missense mutations accompanied by multiple
endocrine alterations, decreased sympathetic tone, and
immune dysfunction (243). In these patients there was
improvement as they got older. Additionally, leptin
deficiency has been described in a group of individuals
who were genetically partially deficient of this hor-
mone (244). Leptin treatment has been shown to
reverse this obesity phenotype (242,243). In these
patients leptin induced decreased appetite and food
intake and produced weight loss by decreasing fat
mass without reducing lean body mass, which further
supports the critical role of leptin in energy regulation
and body weight maintenance (246,249). However, lep-
tin treatment is not effective in patients with exogenous
obesity (260) as they present a relative leptin-resistant
state with elevated leptin levels. Indeed, obesity has
been linked to leptin resistance and low levels of circu-
lating leptin receptor, indicating that high levels of
leptin cannot mediate its beneficial effects (261).

FOOD INTAKE REGULATION
Orexicans and Anorexicans

Recent evidence suggests a critical role for the brain
in the regulation of food intake, body adiposity, and

gastrointestinal tract (Fig. 3) (262,263). The neuronal
systems that regulate appetite and satiety, energy con-
sumption, energy expenditure, and endogenous
glucose production sense and modulate input from
a variety of orexicans and anorexicans (Table 3) that
play a role in food intake regulation. These include
hormonal (i.e., insulin and leptin) and nutrient-related
(i.e., glucose and free fatty acids) signals that transmit
information about body energy stores and existing
energy availability (264,265). Consequently, body
weight is maintained in response to a variety of stim-
uli which increase or suppress energy intake, energy
expenditure, and hepatic glucose homeostasis (266).
Defects in the secretion or action of orexicans or
anorexicans acting on the hypothalamic sensing of
adiposity- or nutrient-related signals, or in the neuro-
nal responsiveness to these inputs at the arcuate
nucleus of the hypothalamus, predispose to both posi-
tive energy balance and increased glucose production
(264). If these defects are sustained, pathological
weight gain and insulin resistance will result.

List and Habener described the model of
the homeostatic circuit regulating energy balance
via the MC4 receptor located in the arcuate nucleus in
the hypothalamus (267). These authors described the
current knowledge of food intake regulation of the hor-
monal and neural influences on the appetite control
centers in the hypothalamus (Fig. 4). They present an
integrated circuit involving the adipose tissue, stomach,
small intestine, and the large intestine which communi-
cates through neural pathways with the appetite and
satiety centers in the brain (Fig. 4). MC4R deficiency is
clearly implicated in the etiopathogenic mechanisms
in some cases of severe obesity and binge eating,
through short-circuiting the regulation of appetite in
the hypothalamus. MC4R deficiency decreases the sig-
nals of anorixegenic pathways, such as corticotropin-
releasing hormone (CRH) and thyrotropin-releasing
hormone (TRH); and prevents the inhibition of orexi-
genic pathways, such as MSH and orexin. The result is
increased food intake. The melanocortin agonist a-
MSH is a peptide that is produced by the POMC, and

Table 3 Food Intake Regulation

Hypothalamus (arcuate nucleus; MC4R)

Orexicants Anorexicants

Ghrelin Leptin

CCK a-MSH and POMC

Cortisol Insulin

Agouti-related protein Serotonin

Neuropeptide-Y Dopamine

Orexin PC-1

Melanin Con H b-Adrenergic

GABA PYY

a-Adrenergic GLP-1

Endocannabinoids GIP

Abbreviations: CCK, cholecystokinin; a-MSH, a-melanocyte-stimulating

hormone; POMC, proopiomelanocortin; GABA, gamma-amino butyric acid;

GLP-1, glucagon-like peptide 1; GIP, glucose dependent insulinotropic

peptide.
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is an agonist of MC4R. On the other hand, leptin reduces
food intake through stimulation of the expression of
POMC and the production of a-MSH, while inhibiting
MC4R antagonists such as the agouti-related protein.
The abnormal molecular physiology demonstrated in
MC4R-deficient patients constitutes an important con-
cept of a missing link between genes and behavior.
However, there is a lot more to be uncovered before
we fully understand satiety in individuals with MC4R
gene mutations, as well as in other obesity syndromes,
and in normal individuals (268).

Leptin

Increased adiposity leads to increased leptin production
in fat tissue. Leptin decreases feeding behavior and
encourages weight loss (246). Leptin stimulates neurons
in the arcuate nucleus of the hypothalamus that
coexpress the anorexigenic hormones such as a-MSH,
a cleavage product of POMC and cocaine- and amphe-
tamine-regulated transcript (246). Leptin also inhibits
neurons in the arcuate nucleus that coexpress the
orexigenic hormones, agouti-related protein, and
neuropeptide Y (NPY). The neurons in the arcuate
nucleus project to other regions of the hypothalamus
(including the paraventricular nucleus and the lateral
hypothalamic area–parafornical area), where a-MSH
binds to its receptor, MC4R, resulting in an upregula-
tion of anorexigenic effectors and a downregulation of
orexigenic effectors.

Bouret et al. examined the effect of leptin depri-
vation and leptin administration upon the density
of the neural projections between the arcuate nucleus
and the paraventricular nucleus, dorsomedial
hypothalamic nucleus, and lateral hypothalamic area
in intact and leptin-deficient (ob/ob) mice (269). These
observations showed that leptin is essential for the
development of hypothalamic neural pathways that
convey leptin downstream signals. This property
was expressed in the neonatal period and was pro-
moted by the neonatal surge in leptin secretion (270).

Ghrelin

Ghrelin, a 28-amino acid acylated hormone produced
predominantly by the stomach (271), acts as a growth
hormone secretagogue through its receptors located
on hypothalamic neurons and in the brainstem. The
main function of ghrelin is the regulation of pituitary
growth hormone secretion independently of growth-
hormone-releasing hormone (GHRH) and somatosta-
tin. It has been suggested that ghrelin is an endocrine
link between the stomach, hypothalamus, and pituitary
and it is important for the regulation of energy balance
(272–274). In humans, ghrelin changes significantly
throughout development, correlating with anthropo-
metric and metabolic parameters during extrauterine
life. The highest levels of ghrelin are found during early
postnatal life, when growth hormone begins to exert its
effects on growth and important changes in food intake

Figure 3 Interactions among hormonal and

neural pathways that regulate food intake

and body-fat mass. In this schematic diagram

of the brain, the dashed lines indicate hormonal

inhibitory effects, and the solid lines stimulatory

effects. The paraventricular and arcuate nuclei

each contain neurons that are capable of stimu-

lating or inhibiting food intake. Abbreviations:

Y1R and Y2R, Y1 and Y2 subtypes of the neuro-

peptide Y (NPY) receptor; MC4R, melanocortin 4

receptor; PYY, peptide YY3-36; GHsR, growth

hormone secretagogue receptor; AgRP, agouti-

related protein; POMC, proopiomelanocortin;

a-MSH, a-melanocyte-stimulating protein; LEPR,

leptin receptor; INSR, insulin receptor. Source:

From Ref. 262.
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occur (275). Plasma ghrelin concentrations are nega-
tively correlated with body weight, percentage body
fat, as well as plasma leptin and insulin, suggesting
that plasma ghrelin is downregulated in obesity. This
may result from increased concentrations of both
leptin and insulin, and reduced plasma ghrelin
concentrations may represent adaptation to a positive
energy balance associated with obesity (276).

Peptide Tyrosine–Tyrosine

The gut hormone peptide tyrosine-tyrosine (PYY),
which is released postprandially from the gastrointes-
tinal tract, has recently been shown to be a
physiological regulator of food intake (277). Periph-
eral administration of PYY reduces feeding in
rodents via the Y2 receptor and is thought to pri-
marily involve modulation of the hypothalamic
arcuate nucleus circuitry. In humans a single 90-
minute infusion of PYY has been shown to markedly
reduce subsequent 24-hour caloric intake in lean, nor-
mal-weight and obese subjects (150). Moreover, obese
subjects have been found to have low levels of fasting
and postprandial PYY, suggesting a role for this hor-
mone in the pathogenesis of obesity. Potential
therapeutic manipulations based on the PYY system
include development of Y2 agonists, exogenous
administration of PYY or increased endogenous
release from the gastrointestinal tract.

Endocannabinoids

This newly discovered system contributes to the
physiological regulation of energy balance, food

intake, and lipid and glucose metabolism through
both central and peripheral effects (278). This system
consists of endogenous ligands and two types of
G-protein–coupled cannabinoid receptors: CB1 in
the brain and peripheral organs including adipose
tissue, gastrointestinal tract, adrenal and liver (279);
and CB2 in the immune system (280). The endocanna-
binoid system is overactivated in genetic animal
models of obesity (281) and in response to exogenous
stimuli such as excessive food intake (282).

Miscellaneous

Alterations in dopamine systems and/or abnormali-
ties of monoamines can cause various types of
hyperphagia (283). Two main systems are implicated
in food intake regulation: NPY and POMC. a-MSH is
a tridecapeptide cleaved from POMC that acts to
inhibit food intake. The predominant NPY orexigenic
receptors are NPY-Y1 and NPY-Y5, and the two
anorexigenic melanocortin receptors involved in
hypothalamic food intake control are MC3-R and
MC4-R. Both neuropeptides interact with monoa-
mines in the hypothalamus to control physiologic
states such as hunger, satiation, and satiety (284).
On the other hand, serotonin is believed to act as a
satiety factor and an inhibitor of feeding reward in
the hypothalamus (285). Serotonin suppresses food
intake and body weight, acting mainly through the
serotonin 1B receptor. Also, dopamine regulates hun-
ger and satiety by acting in specific hypothalamic
areas, through the D1 and D2 receptors (284,285).
In an experimental animal model of hyperphagia

Figure 4 Increased adiposity leads to

increased leptin production in fat tissue. Leptin

stimulates neurons in the arcuate nucleus of

the hypothalamus that coexpress the anorexi-

genic hormones: a-melanocyte-stimulating

hormone [a-MSH, a cleavage product of proopio-

melanocortin (POMC)] and cocaine- and

amphetamine-regulated transcript. Leptin also

inhibits neurons in the arcuate nucleus that

coexpress the orexigenic hormones: agouti-

related protein and neuropeptide Y. The neurons

in the arcuate nucleus project to other regions of

the hypothalamus (including the paraventricular

nucleus and the lateral hypothalamic area–par-

afornical area), where a-MSH binds to its

receptor, MC4R, resulting in an upregulation of

anorexigenic effectors such as corticotropin-

releasing hormone (CRH) and thyrotropin-releas-

ing hormone (TRH) and a downregulation of

orexigenic effectors such as melanin-concentrat-

ing hormone (MCH) and orexin. Agouti-related

protein acts as an antagonist of MC4R. Source:

From Ref. 267.
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and obesity, venteromedial hypothalamic (VMH)-
lesioned rat, a disturbance of norepinephrine (NE)
and dopamine (DA) neurons in the hypothalamus
is observed (286). It has been suggested that an
increment of the activities of NE and DA systems
in the central nervous system (CNS) as a whole
and some irregularity in the sympatho-adrenal sys-
tem might contribute to VMH obesity (286).

Finally, a number of gut hormones give feed back
to appetite-controlling areas of the CNS in the regu-
lation of meal size and frequency (287,288).
Cholecystokinin (CCK), glucose-dependent insulino-
tropic peptide, and glucagon-like peptide 1 regulate
satiety as enterogastrons and incretins. They also
directly affect the satiety centers. Therefore, these pep-
tides may participate in the pathogenesis of eating
disorders (289). In mouse brainstem nucleus tractus
solitarius POMC neurons are activated by CCK and
feeding-induced satiety and that activation of the
neuronal MC4-R is required for CCK-induced sup-
pression of feeding. Thus, the melanocortin system
provides a potential substrate for integration of long-
term adipostatic and short-term satiety signals (290).
Hirschberg et al. evaluated CCK levels in a group of
obese women with polycystic ovary syndrome. They
observed that women with PCO syndrome have
reduced postprandial CCK secretion and deranged
appetite regulation associated with increased levels
of testosterone; implying that impaired CCK secretion
may play a role in the greater frequency of binge eat-
ing and overweight in women with PCO syndrome
(291). Further studies are needed to evaluate the role
of CCK in long-term eating behavior in humans.

Adipose Tissue Endocrine Functions

Adipose tissue is comprised of lipid-filled cells sur-
rounded by a matrix of collagen fibers, vessels,
fibroblasts, and immune cells. Its main function is the
storage of triglycerides for times of energy deprivation.
However, it secretes hormones and other products
and is involved in various aspects of metabolism
that directly affect the onset of obesity. It metabolizes
sex steroids and glucocorticoids. For example, 17-beta-
hydroxysteroid oxidoreductase converts androstene-
dione to testosterone and estrone to estradiol. This
may be important for fat distribution. Estrogens stimu-
late fat accumulation in the breast and subcutaneous
tissue, while androgens promote central obesity. Alteration
of these interconversions may predispose individuals
to reproductive disorders and certain cancers
(292,293).

Adipose tissue also produces and secretes certain
inflammatory cytokines, for example, tumor necrosis
factor alpha (TNF-a) and interleukin-6 (IL-6). It has
been suggested that both of these cytokines help
prevent obesity through inhibition of lipogenesis,
increased lipolysis, and promotion of adipocyte death
via apoptosis. However, TNF-a has been found to be
a mediator of IRS in obesity (294,295). C-reactive

protein, stimulated by elevated IL-6, has been found
to be correlated with obesity, IRS, elevated TNF-a,
and endothelial dysfunction (296).

Alteration of coagulation and complement factors
may contribute to the obesity-associated cardiovascu-
lar disease. Fibrinogen and plasma activator inhibitor
Type-1 (PAI-1) are altered in obesity and may be
involved in myocardial infarction. Much of the PAI-1
is synthesized by adipose tissue and is increased in
proportion to visceral adiposity. This may serve as a
link between abdominal/central obesity and cardio-
vascular disease (297).

Adiponectin

Plasma concentrations of adiponectin, a novel adipose-
specific protein with putative anti-athrogenic and
anti-inflammatory effects, were recently found to be
decreased in individuals with obesity, Type 2 diabetes,
and cardiovascular disease conditions commonly
associated with IRS (298). The degree of hypoadiponec-
tinemia is more closely related to the degree of insulin
resistance and hyperinsulinemia than the degree of
adiposity and glucose intolerance. Ogawa et al.
recently reported that hypoadiponectinemia was asso-
ciated with visceral fat accumulation and IRS (299).

Resistin

Resistin, an adipocyte-derived cytokine, causes insu-
lin resistance and glucose intolerance in mice (300).
Resistin gene expression was reported to be similar
in both the subcutaneous abdominal and omental
depots (301). The abdominal depots showed a 418%
increase in resistin mRNA expression compared with
the thigh. Increased resistin expression in abdominal
fat could explain the increased risk of Type 2 diabetes
associated with central obesity. However, Bo et al.
suggested that serum resistin is weakly associated
with metabolic abnormalities in subjects with normal
BMI, while in overweight/obese patients this corre-
lation is not significant, perhaps due to their higher
fat content (302). Serum resistin is directly correlated
with markers of inflammation (C-reactive protein)
and inversely with markers of oxidative stress (nytro-
tirosine), suggesting that resistin has antioxidant
properties and is secreted in response to a chronic
low-grade inflammation. Finally, a recent study by
Reinehr et al. showed that while girls demonstrated
higher resistin concentrations than boys, there was
no significant change in serum resistin despite weight
reduction and improved insulin sensitivity, implying
that there is no relationship between resistin, insulin
resistance index, and weight status in childhood (303).

Visfatin

This newly identified adipocytikine is highly enriched
in the visceral fat of both humans and mice and has
been shown to have increasing expression levels dur-
ing the development of obesity (304). Visfatin has
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insulin-mimetic effects by binding and activating the
insulin receptor leading to lowered plasma glucose.
Mice heterozygous for a targeted mutation in the
visfatin gene had modestly higher levels of plasma
glucose relative to wild-type littermates.

Acquired Hypothalamic Alterations

Lesions of the ventromedial area of the hypothalamus
(VMH) may result form inflammatory processes such
as encephalitis, arachnoiditis, tuberculosis, or trauma,
or malignancy (Frohlich syndrome) (305,306). Children
with hypothalamic obesity may present with a history
of foraging and stealing foods. They have a voracious
appetite and may display frequent tantrums if food is
denied. In children, craniopharyngioma is the most
common CNS tumor that leads to hypothalamic and
pituitary dysfunction (307). Hypothalamic obesity is
often coupled with other hypothalamic–pituitary dis-
turbances, which may exacerbate the obesity (e.g.,
growth hormone deficiency or hypothyroidism), but
the obesity resists treatment with hormonal replace-
ment (308,309). It is believed that hypothalamic injury
leads to alterations in the appetite center, which can
cause hyperphagia and obesity (310). However, there
is increasing evidence that the hyperinsulinemia seen
in this disorder plays a role in the development of obes-
ity. An animal model of VMH damage results in
hyperphagia, obesity, hyperinsulinemia, and insulin
resistance (311,312). It is believed that VMH damage
causes a disinhibition of vagal tone (313) at the pancre-
atic beta cell, which leads to insulin hypersecretion and
resultant obesity (314). Lustig et al. recently demon-
strated that children with hypothalamic obesity have
excessive insulin secretion during a standard oral glu-
cose tolerance test (315) and treatment with octreotide,
a long-acting somatostatin receptor agonist (316), atte-
nuated hyperinsulinemia and promoted weight loss.

HORMONAL ALTERATIONS

Mild obesity may occur in adolescent patients with
Klinefelter (317) and Turner syndromes (318). It is
believed that hypogonadism results in excessive depo-
sition of fat due to the deficiency of the sexual anabolic
hormones, which are responsible for the growth of
muscle. In Klinefelter syndrome, this effect is enhanced
by the unopposed influence of estrogen, leading to
further fat accumulation in the hips and buttocks
to produce the characteristic eunuchoid appearance.

Adrenals

Adrenal glucocorticoid production is enhanced in
obese children (319). They tend to maintain normal
serum cortisol levels due to increased urinary clear-
ance and a stimulatory effect on ACTH release with
increased production of dehydroepiandrosterone and
testosterone. Increased production of adrenal sex
steroids leads to early adrenarche (pubarche),

advanced skeletal maturity, and early onset of puberty
in obese children (318,320).

Elevated plasma cortisol is related to the hyper-
insulinemia of obesity and contributes to the
characteristic body fat distribution and altered body
composition (321). In obese children, serum levels of
epinephrine and norepinephrine remain normal. Adre-
nal hypercorticolism (Cushing syndrome) is a rare
cause of obesity, but the use of corticosteroid therapy
for a variety of inflammatory and allergic conditions
is associated with excess weight gain, which resolves
once the treatment ceases. Patients with Cushing
syndrome can be differentiated from those with
exogenous obesity by the decreased growth that
accompanies excess cortisol.

Growth

Reduced serum concentrations of GH are characteristi-
cally seen in obese children and adolescents and have
been attributed to diminished GH secretion as well as
accelerated GH clearance (322). Basal GH levels and
GH release in response to pharmacologic stimuli
namely arginine, insulin, l-dopa, clonidine, and GHRH
are diminished in obese children and adults (322).
However, the pituitary potential to secrete GH is con-
served in obesity (323,324). The concentrations of IGF-
1 tend to vary as it circulates bound to specific proteins
called IGF-binding proteins (IGFBPs) with variable
affinities (325,326). Obese children present normal
growth in spite of reduced GH secretion, likely due
to the combination of increased total growth hormone
binding protein (GHBP) and normal GH–GHBP com-
plex serum concentrations, which corresponds to
increased GH receptor (GHR) numbers and normal
serum GH stores (327). This allows for the achievement
of normal levels of IGF-1 and IGFBP-3 levels. This is
accompanied by reduced IGFBP-2 serum levels and a
lower ratio of IGFBP-2/IGF-1 in obese children, which
may suggest an increase of tissue IGF-1 bioavailability,
thus promoting its action (327).

Increased adiposity appears to have profound
effects on the complex interplay among GH, IGF-1,
and IGFBPs during puberty. There is an increase in the
ratio of free to total IGF-1, which may help to explain
the lack of alterations of pubertal growth spurt in obese
adolescents, even in the presence of lower GH levels.
The discordance between the low GH and normal
IGF-1 levels may be explained by increased hepatic sen-
sitivity to GH stimulating a higher IGF-1 generation in
response to a single dose of growth hormone when
compared with lean individuals (328). However, in the
absence of GH, sex hormones stimulate growth through
a direct GH-independent effect on the bone growth
centers. Leptin, insulin, and sex hormones locally acti-
vate the IGF system in the epiphyseal growth plate
(329). Thus, the proposed mechanisms include hyperin-
sulinism-stimulated growth, decreased IGFBP-1 levels
resulting in increased bioavailable (free) IGF-1, and
enhanced growth plate stimulation by sex steroids
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(increased aromatization by the greater adipose mass)
(330). Moderate caloric restriction (40%) in mice
decreased circulating IGF-1 levels by 70% and tibial
growth decreased by 5%. Subsequently, leptin treat-
ment corrected the growth deficit despite further
reductions in circulating IGF-I levels (331). Therefore,
the growth-promoting consequences of obesity are mul-
tifactorial involving multiple factors including
enhanced hepatic GH sensitivity.

The lean body mass is often increased in obese
children (332). They are commonly tall for their age
but there is a potential for reduced growth performance
with obesity treatment. This is inherent to the reduction
in nutrient intake of obesity treatment programs. For
example, a reduction in height velocity was found in
children undergoing an energy-restrictive 6-month
obesity treatment protocol. However, those on a
12-month, less energy restrictive obesity treatment
protocol, showed no reductions in height velocity. Fur-
thermore, both groups had similar heights from
baseline until 12 months, suggesting that the children
given the restrictive 6-month protocol showed catch-
up growth once this treatment was terminated (333).
However, the more restrictive group had smaller
increases in FFM after 12 months than the less restricted
treatment groups.

Epstein et al.’s unique data on 10-year follow-up
of children showed no significant changes in final
adult height with obesity treatment (334). Furthermore,
multiple regression analysis found that childhood per-
centage of overweight did not contribute to predicting
height change. However, a reduction in the percentile
for height did occur in children from baseline to 10
years after treatment. The mean height of the children
was over the 70th percentile for age prior to, and it
decreased to just over the 50th percentile after 10 years
of obesity treatment. These studies suggest that
children participating in comprehensive obesity
treatment programs may attain an appropriate adult
height for their parents (334). However, there is a poten-
tial for decreased growth even under the best treatment
protocols and children who diet without appropriate
supervision present growth failure (126).

Prolactin

Basal prolactin levels are normal or slightly elevated in
obese children. However, the prolactin response to pro-
vocative stimuli is often diminished (335). Lala et al.
suggested that decreased serotonin in the brain was a
potential mechanism for the blunted prolactin response
(336). Others have hypothesized that this may be due
to a hypothalamic defect that contributes to the abnormal
prolactin response and aberrant appetite regulation,
especially when prolactin response does not return to
normal with weight loss in the same obese patients (337).

Thyroid

Thyroid function tests including serum levels of thy-
roxine (T4), free T4, and TSH levels are normal in

obese individuals, but serum concentrations of triio-
dothyronine (T3) are elevated, likely due to increased
peripheral conversion of T4 to T3 (338). Furthermore,
TSH response to TRH stimulation has been reported
to be variable (65,338). The blunted TSH response to
TRH stimulation in obesity is believed to be due
to increased somatostatinonergic tone because soma-
tostatin inhibition by pyridostigmine pretreatment
significantly enhances the TSH response in obese
adults but not in obese children (339). Hypothyroid-
ism is not a common cause of obesity. However it
has long been shown that excessive weight gain, sec-
ondary to an underactive thyroid gland, is due to a
combination of decreased metabolic rate and
enhanced fluid retention (340). In children, hypothyr-
oidism is associated with poor linear growth.
Therefore, a normally growing overweight child is
not likely to be hypothyroid.

Reproductive Hormones

Puberty may begin early in tall overweight children
with advanced skeletal age (320). Pubertal elevations
of follicular-stimulating hormone have been observed
in the 7- to 9-year-old girls, without any changes in
luteinizing hormone levels (320). This is compounded
by an adiposity-related decrease in circulating concen-
trations of sex hormone-binding globulin (SHBG). This
results in a higher fraction of free or unbound serum
sex steroids that are more bioactive than the ones in
lean subjects. In general, the SHBG abnormalities cor-
relate with the degree of obesity, which are reversed
with weight loss. Low serum estradiol levels and ele-
vated progesterone levels have been observed in
young prepubertal and early pubertal obese girls com-
pared with age-matched lean girls (320).

As discussed above hyperinsulinemia is usually
accompanied by hyperandrogenism, which leads to
hirsutism and PCO (48). Amenorrhea, oligomenorrhea,
and/or dysfunctional uterine bleeding are common
among obese adolescent females. Some of these
patients will also develop PCO syndrome (48–50).
PCO is now recognized as a component of the IRS
(Vol. 1; Chaps. 11 and 13). Insulin-lowering agents have
become the norm in the management of PCO (51).

Obese adolescent boys appear to have an attenu-
ated testicular response to human chorionic
gonadotropin, This is probably an artifact of decreased
SHBG. Indeed, Glass (65) demonstrated that despite a
decrease in SHBG levels, free testosterone levels and
dihydrotestosterone levels remain normal in obese sub-
jects. Aromatization of androgens to estrogens by
adipose tissue, in males, appears to be enhanced with-
out clinical feminization (65). However, free and total
testosterone levels may be diminished in morbidly
obese males. This is commonly associated with
decreased gonadotropin levels, suggesting some degree
of hypogonadotropic hypogonadism (248). These
alterations in pituitary and gonadal hormones return
to normal range with weight loss (341). Indeed, since
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circulating leptin correlates directly with fat mass
and serves as a permissive signal for stimulation of
reproductive system, its rising serum concentrations
in obesity may alter reproductive function in obese
individuals (342).

Conversely, precocious puberty may lead to obes-
ity. Children with idiopathic precocious puberty prior
to treatment show no differences in regard to lean or
fat mass. However, during long-term treatment with
gonadotropin-releasing hormone (GnRH) children
present a reduction of lean mass and increased fat mass
which may lead to obesity (343). This may be due to a
shortening of the prepubertal growing period and by
the so-called menopausal effect of the treatment. In
another study, both boys and girls with precocious
puberty had BMI scores above the 85th percentile prior
to and during treatment with GnRH. After treatment
the scores still remained above the 85th percentile sug-
gesting that children with precocious puberty are
prone to obesity though treatment of precocious
puberty itself did contribute to obesity (344).

Parathyroid Hormone

Serum parathyroid hormone (PTH), adjusted for age,
physical activity, and serum calcium, were positively
associated with BMI in both sexes, and serum PTH
was an independent predictor of obesity (345). It has
been hypothesized that increased free intracellular
calcium in adipocytes blunts the lipolytic response
to catecholamines by activating phosphodiesterase
3B—the same enzyme that mediates the antilipolytic
effect of insulin—while also compromising the
efficiency of insulin-stimulated glucose uptake (346).
Physiological increases in PTH have been shown to
increase fat cell calcium content, implying that high
dietary intake of calcium and/or dairy products
may reduce the risk for obesity, diabetes, and IRS.
Other dietary measures, which downregulate
PTH—such as vitamin D and phosphate and salt
intakes—may similarly affect these. It has been
shown that body weight is elevated in elderly
subjects with both primary and secondary hyperpar-
athyroidism and that insulin resistance is associated
with both forms of hyperparathyroidism (347). How-
ever, the relationship between PTH level and body
adiposity has not been evaluated in children and
adolescents. Furthermore, it is unlikely that downre-
gulation of PTH would promote significant weight
reduction, but it may diminish risk for weight gain
and diabetes, and plausibly may potentiate attainable
fat loss with caloric restriction and/or increased
physical activity.

Dietary calcium plays a pivotal role in the regu-
lation of energy metabolism; high calcium diets
attenuate adipocyte lipid accretion and weight gain
during periods of overconsumption of an energy-
dense diet and increase lipolysis and preserve
thermogenesis during caloric restriction, thereby
markedly accelerating weight loss (348). Intracellular

calcium has a key role in regulating adipocyte lipid
metabolism and triglyceride storage, with increased
intracellular calcium resulting in stimulation of lipo-
genic gene expression and lipogenesis, suppression
of lipolysis, and increased lipid filling and adiposity
(349). Increased calcitriol released in response to low
calcium diets stimulates calcium influx in human fat
cells and thereby promotes adiposity. Accordingly,
suppressing calcitriol levels by increasing dietary cal-
cium has been postulated as an attractive target for
the prevention and management of obesity (350).
Clinical and epidemiological data demonstrate a
reduction in the odds of being obese with increasing
dietary calcium intake (351). Particularly, dairy
sources of calcium have been shown to exert a greater
anti-obesity effect than supplemental sources of this
mineral on adipocyte metabolism, possibly due to
the effects of other bioactive compounds, such as the
angiotensin-converting enzyme inhibitor found in
milk (352). Dietary patterns characterized by
increased dairy consumption have a strong inverse
association with IRS among overweight adults and
may reduce risk of Type 2 diabetes and cardiovascular
disease (353). Currently, issues involving low con-
sumption of dairy products and calcium are the
focus of much debate and discussion among scientists
and lay community. Nevertheless, it has been shown
that calcium intake and dairy product intake have
beneficial roles in a variety of chronic diseases (354).
Also, dairy products provide a rich source of vitamins
and minerals; calcium intakes of children have
increased over time, yet intakes are not meeting the
current adequate intake calcium recommendations;
dairy intake has decreased, and soft drink consump-
tion and, possibly, consumption of calcium-fortified
products have increased (355). Intake of dairy pro-
ducts have a positive nutritional influence on diets
of children and adolescents, particularly from school
meals, and there are many factors which influence
children’s milk consumption, all of which need to be
considered to promote adequate calcium intakes by
children (356).

ENERGY BALANCE

A body weight setpoint is believed to exist for main-
tenance of energy balance (357). This biological
setpoint for body adiposity functions as a point of
stable equilibrium. In a malnourished state with
resultant weight loss, the body will decrease the rela-
tive energy expenditure by metabolic adaption, which
reduces the rate of weight loss (357). The setpoint
model has been proposed to quantify this biological
process and is unique in predicting energy expendi-
ture during weight loss as a function of the setpoint
FFM ratio and setpoint energy expenditure, eliminat-
ing the various controlling characteristics such as age,
gender, and heredity. This setpoint can permanently
and pathologically be displaced by extreme stress
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situations such as chronic metabolic and psychologi-
cal stress, trauma, starvation, exercise, infections,
hormones, drugs, and/or chemicals disrupting the
endocrine system (358).

Obesity is a heterogenous group of disorders that
result from an energy imbalance over an extended
period of time in which energy intake exceeds expen-
diture. It is superficially apparent that obese subjects
ingest more food relative to their needs. However, it
has long been debated if calorie intake differs between
overweight and normal-weight individuals (359,360),
suggesting that obese subjects have ‘‘increased meta-
bolic efficiency.’’ They may expend relatively fewer
calories to maintain body weight due to loss of lean
body mass (361,362) resulting from repeated weight
reduction attempts that lead to alterations in body
composition and decreased FFM. However, there have
been multiple attempts to elucidate if there is an
intrinsic alteration in metabolic rates that sets the stage
for the development of obesity (363).

The main determinant of basal metabolic rate
(BMR) is FFM and the main determinant of energy
expenditure is physical activity. It is believed that
minor alterations in any of these could result in posi-
tive energy balance and lead to obesity over time. For
example, obligatory energy expenditure, reflected by
a decreased resting metabolic rate (RMR), could be
the consequence of an increased metabolic efficiency
in obese persons. On the other hand, a reduced level
of energy expenditures due to a reduced activity could
also lead to an increased energy balance and weight
gain. The resting energy expenditure and the baseline
activity levels are thought to be genetically determined.
There are data among obese Pima Indians showing low
BMR values and, therefore, enhanced metabolic
efficiency of energy consumption among some families
with obesity (364,365). Ravussin et al. demonstrated a
reduced rate of energy expenditures to be a risk for
the development of obesity (363). These investigators
showed that energy expenditure correlated with the
rate of change in body weight over a two-year fol-
low-up period. In 95 Pima Indian adults, the
estimated risk of gaining more than 7.5 kg in body
weight was increased fourfold in persons with a low
adjusted 24-hour energy expenditure (200 kcal/day
below predicted values) when compared with persons
with a high 24-hour energy expenditure (200 kcal/day
above predicted values). In another 126 subjects, the
adjusted metabolic rate at rest at the initial visit was
also found to predict the gain in body weight over a
4-year follow-up period. When the 15 subjects who
gained more than 10 kg were compared with the
remaining 111 subjects, the initial mean adjusted meta-
bolic rate at rest was lower in those who gained weight
and increased after a mean weight gain of 15.7 kg. In a
group of 94 siblings from 36 families, values for
adjusted 24-hour energy expenditure aggregated in
families. Indeed, Rising et al. showed that in Pima
Indians, despite a higher body fat content, older indivi-
duals utilize less fat than their younger counterparts

(365) and that reduced fat utilization and decreased
BMR with age may both contribute to increasing obes-
ity in older individuals.

However, other studies demonstrated that BMR
values, corrected for FFM, among obese subjects were
relatively higher than those in nonobese subjects
(366), suggesting that attainment of energy balance
and weight maintenance in obese individuals requires
a larger energy intake than in nonobese individuals.
Failure of some obese subjects to lose weight while
eating a diet reported as low in calories is due to
an energy intake that is higher than required for the
energy expenditures of the individuals, not to an
abnormality in thermogenesis (367).

Finally, maintenance of a reduced or elevated
body weight is associated with compensatory changes
in energy expenditures while the patient diets (368).
These oppose the dietary intake to allow the mainte-
nance of body weight. Leibel et al. repeatedly
measured 24-hour total energy expenditure, resting
and nonresting energy expenditure, and the thermic
effect of feeding in 18 obese subjects and 23 subjects
who had never been obese (368). The subjects were
studied at their usual body weight and after losing
10% to 20% of their body weight by underfeeding or
gaining 10% by overfeeding. Maintenance of a body
weight at a level 10% or more below the initial weight
was accompanied by a mean reduction in total energy
expenditure of 6 kcal/kg of FFM per day in the sub-
jects who had never been obese and 8 kcal/kg/day
in the obese subjects. Resting energy expenditure
and nonresting energy expenditure each decreased 3
to 4 kcal/kg of FFM per day in both groups of subjects.
Maintenance of body weight at a level 10% above the
usual weight was associated with an increase in mean
total energy expenditure of 9 kcal/kg of FFM per day
in the subjects who had never been obese and 8 kcal/
kg/day in the obese subjects. The thermic effect of
feeding and nonresting energy expenditure increased
by approximately 1 to 2 and 8 to 9 kcal/kg of FFM
per day, respectively, after weight gain. These changes
in energy expenditure were not related to the degree of
adiposity or the sex of the subjects. These compensa-
tory changes may account for the poor long-term
efficacy of treatments for obesity (368).

Further, humans expend energy through non-
purposeful exercise and through changes in posture
and movement that are associated with the routines
of daily life [nonexercise activity thermogenesis
(NEAT)] (369). Levine et al. demonstrated that obese
individuals were seated, on average, two hours
longer per day than lean individuals (370). However,
posture allocation did not change when the obese
individuals lost weight or when lean individuals
gained weight, suggesting that it is biologically
determined. Levine et al. suggested that if obese
individuals adopted the NEAT-enhanced behaviors
of their lean counterparts, they might expend an
additional 350 calories/day. The RMR represents
50% to 70% of daily energy expenditure and covers
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the energy necessary for body maintenance, including
cellular metabolism and whole-body functions such
as ventilation, circulation, and tissue oxygen uptake.
RMR seems to be present for a given person, although
it does decline with age. Because humans have
evolved behavioral strategies (clothing) to maintain
body temperature in cold environments, thermo-
genesis accounts for only 10% of daily energy
expenditure and includes the energy required to
digest, absorb, transport, and store ingested food.
This leaves 20% to 40% of daily energy expenditure
for the most variable component, physical activity.
The energy cost of physical activity can be divided
into planned physical activity, such as sport and exer-
cise, and spontaneous physical activity or NEAT,
which includes all involuntary muscle activities such
as fidgeting, muscle tone, and maintenance of pos-
ture. When people decide to enhance energy
expenditure to control body weight, only structured
exercise is usually included in their calculations. It
is likely that focusing on modifying NEAT behaviors
(standing instead of sitting, fidgeting instead of keep-
ing still, or simply walking) can burn the necessary
extra calories to control body weight (370).

Differences of up to 500 calories/day in energy
expenditures as a result of spontaneous physical
activity (i.e., fidgeting) were observed among obese
children compared with normal-weight children
(371). Differences in BMR and physical activity were
found in three- to five-year-old offspring of obese par-
ents. BMR of children with at least one obese parent
was 10% lower than that of children with lean parents
(372). Children of lean parents had about twice the
energy expenditure for physical activities of children
with at least one obese parent, suggesting that chil-
dren of obese parents are less physically active.

Some of the physiological energy balance compo-
nents of obesity described in adults may also apply to
children from the time of birth. For example, a change
in the utilization of nutrients as determined by the RQ
(373), a lower than average body temperature (374)
and sleeping body core temperature (364) may contrib-
ute to additional positive energy balance, thus leading
to body weight gain. Microneurographic recordings of
sympathetic nervous system activity showed lower
sympathetic nervous system activity occurs in obese
adults (375). However, these potential causes of child-
hood obesity have not been studied in children.

PHYSICAL ACTIVITY AND FITNESS

While it is generally believed that a sedentary lifestyle
increases the risk for obesity, others suggest that
decreased physical activity level (PAL) is a conse-
quence of obesity (376). For instance, in Pima
Indians: at age five years, obesity is associated with
decreased participation in sports and increased
television viewing but not with a decreased PAL,
whereas, at age 10 years, obesity is associated with

decreased participation in sports, increased television
viewing, and a decreased PAL, suggesting that a
decrease in PAL in free-living conditions seems to fol-
low, not precede, the development of obesity.

Physical activity in children has declined over
recent decades implying an increasingly sedentary
lifestyle in Western industrialized countries. Reports
have indicated that physical activity declines almost
50% during adolescence, with girls becoming increas-
ingly more sedentary than boys (377). A recent
observation is that this pattern is due to a gender
dimorphism in the developmental changes in energy
expenditure before adolescence, independent of body
composition, with a conservation of energy use in girls
achieved through an appreciable reduction in phy-
sical activity (378).

Social and environmental influences are also
believed to have major roles in the gender and
developmental variation in physical activity (379).
Understanding the psychosocial determinants of phy-
sical activity in children is critical for the treatment
and prevention of childhood obesity. Strauss et al.
suggested that children and adolescents are largely
sedentary and that correlates of high- and low-level
physical activity are different. For instance, time spent
on sedentary activities is inversely correlated with
moderate-level activity, while self-efficacy and social
influences are positively correlated with more intense
physical activity. In addition, increased high-level
physical activity is an important component in the
development of self-esteem in children (380).

Obese individuals have often been described as
sluggish or lazy. A study of children and adolescents
by Bullen et al. (381) indicated that obese youngsters
were less active than their peers. However, an earlier
study, which measured caloric expenditure by mea-
suring oxygen consumption, found that obese
individuals actually expended more calories through
activity than did normal-weight individuals (382).
Maffeis et al. (383) recently demonstrated that walk-
ing and running are energetically more expensive
for obese children than for nonobese children.

Child obesity experts have suggested that the
relationship between television and obesity may be
the consequence of decreased energy expenditures
and enhanced food consumption during viewing. This
may be due to the influence of food advertisements
(384,385). Experimental studies have demonstrated
that a causal relationship exists between specific tele-
vised messages and children’s eating behavior (386)
and between television viewing and participation in
sports (387). Earlier studies among children and ado-
lescents found an association between hours of
television viewing and the development of obesity
(388). Indeed, this association was further supported
by a recent observation that the levels of physical
activity and hours of television viewing tend to have
a strong relationship with body weight and degree of
obesity among children (389). It is also possible that
the way a child watches television and the content of
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the television programs may be more important than
the number of viewing hours. However, it has been
recently shown that television viewing has a fairly pro-
found lowering effect on metabolic rate in both lean
and obese individuals. Also, a TV in the child’s bed-
room is an even stronger marker of increased risk of
being overweight especially in preschool children
(390). This may be an important factor in susceptible
children who are at risk for weight gain and potentially
lead to obesity (385).

The estimates of energy requirements for children
were derived in a time when more physical exertion
was needed for daily living; therefore, energy require-
ments for children may be overestimated for today’s
sedentary lifestyle. Prentice et al. (391) measured
energy expenditure in children aged 0 to 3 years by
the doubly labeled water method and found that
energy needs were overestimated by 15% as originally
recommended by the World Health Organization
(WHO) (392). Goran et al. (393) likewise showed that
energy requirements were 25% overestimated for four-
to six-year-old children. Fontvieille et al. (394) found
that energy requirements for five- to six-year-old chil-
dren were overestimated by 24% in comparison with
that calculated according to the WHO. The sedentary
lifestyles of today’s children may easily account for
consistent overestimates of childhood energy require-
ments. Indeed, children living a sedentary lifestyle
with unlimited access to food are prone to consuming
more energy than they expend, and therefore are at
increased risk of obesity.

Furthermore, low cardiorespiratory fitness is an
independent predictor of cardiovascular disease in
obese adult men. This is comparable with diabetes mel-
litus, high blood pressure, and smoking (395). Myers et
al. studied exercise capacity as a predictor of mortality
in adults (396). He demonstrated that after adjustment
for age, the peak exercise capacity measured in meta-
bolic equivalents (MET) was the strongest predictor
of the risk of death among both normal subjects and
those with cardiovascular disease. Absolute peak exer-
cise capacity was a stronger predictor of the risk of
death than the percentage of the age-predicted value
achieved, and there was no interaction between the
use or nonuse of beta-blockade and the predictive
power of exercise capacity. Each 1-MET increase in
exercise capacity conferred a 12% improvement in sur-
vival. Mayer et al. suggested that exercise capacity is
a more powerful predictor of mortality among men
than other established risk factors for cardiovascular
disease (397,398).

NUTRITIONAL CONSIDERATIONS

The role of dietary intake in obesity remains contro-
versial, although new data have shed more light on
this subject. Obese patients often claim that they do
not ingest excess food (399). These patients often seek
medical evaluation for failure to lose weight despite a
history of severe caloric restriction. They are fre-

quently thought to be hypometabolic and are often
treated with thyroid or other hormones to facilitate
weight loss. This is neither safe nor necessary; more-
over, the observed minus the total predicted energy
expenditure varies in relation to weight progression
(368). Patients who gain weight increase their meta-
bolic rate whereas those who are on diets and are
losing weight may reduce their energy expenditure
by 10% to 20%. Thus the results of dietary efforts
can only be successful if the reduced intakes are
accompanied by increased energy expenditures to
overcome the metabolic adaptations that occur
with dieting.

A number of studies have demonstrated that
obese individuals tend to underreport food intake
compared with normal-weight subjects (367,400,401).
Indeed, careful metabolic balance studies in some
obese adults have shown a failure to lose weight
despite self-reported low caloric intakes. This may
be due to substantial misreporting of food intake
and physical activity and not to an abnormality in
thermogenesis (366). However, the problem is often
confounded in the clinical setting by the difficulties
in assessing food intake and food efficiency.

A high susceptibility to obesity may also be the
result of unlimited availability of palatable and
high-calorie-density foods. Laboratory adult rats fed
a ‘‘supermarket diet’’ consisting of high-carbo-
hydrate/high-fat foods (i.e., chocolate chip cookies,
marshmallows, peanut butter, etc.), gained 2.5 times
more weight than normal controls (402). In some ani-
mals, the weight gain was not reversed after the rat
was switched back to chow. It is believed that super-
market diets increase the number and size of fat
cells. In children the portion size offered and the type
of food given also play a role. Repeated exposure to a
larger portion size of macaroni and cheese resulted in
25% more calorie intake when compared with feed-
ings of an age-appropriate serving size, particularly
in older children (403). Therefore, while younger chil-
dren may be better at regulating the amount of food
consumed they may lose this ability as they grow
older if exposed to large portion sizes (404).

Dietary composition and different rates of nutri-
ent utilization of ingested diets can influence body
weight maintenance. Using indirect calorimetric
technique in nonobese males, Flatt et al. (405) demon-
strated that under sedentary conditions, ingested
carbohydrates are quickly metabolized while the rate
of fat oxidation remains unchanged. Moreover, it has
been suggested that the body tightly regulates carbo-
hydrate balance for up to 36 hours after ingestion and
is not affected by alteration in the body’s fat balance
(405). On the other hand, fat balance is believed to
be regulated over a varying long term and it may take
several days before the fat balance adjusts to new
levels of fat ingestion. Thus, it is believed that exces-
sive fat consumption over a long period of time will
result in a positive fat balance and weight gain
(406,407).
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Therefore, a number of medical organizations
including the American Heart Association (408) and
the American Diabetes Association (409) recommend
consumption of low-fat diets in the prevention and
treatment of obesity. However, the relationship
between the dietary fat and obesity has recently been
questioned (410–412), since both cross-sectional and
longitudinal analyses have failed to show a consistent
association between dietary fat and body fat (413,414).
Furthermore, recent studies indicate that weight loss
on low-fat diets is usually modest and transient
(410,415). It is also noteworthy that the rate of obesity
has continued to rise in the United States despite
reported reduction in mean fat intake over the past
30 years, from 42% to about 34% of dietary calories
(412,413,416–418).

Glycemic index (GI) is another dietary factor
that may influence body weight. GI is a property of
carbohydrate-containing food that describes the rise
of blood-glucose after a meal (419). The GI of a meal
is determined mainly by the amount of carbohydrate
content and by other dietary factors affecting food
digestibility, gastrointestinal motility, or insulin
secretion (including carbohydrate type, food struc-
ture, fiber, protein, and fat) (419–422). The average
American diet contains starchy foods that are pri-
marily refined grain products, cereals, and potatoes
and have a high GI. In contrast, vegetables, legumes,
and fruits generally have a low GI (423). It has been
suggested that a potential adverse consequence of
the decrease observed in mean fat intake in recent
years is a concomitant increase in dietary GI. A
reduction of dietary fat tends to cause a compensatory
increase in sugar and starch intake (424–426). In fact, a
rise in total carbohydrate consumption and GI of
American diets over the past two decades has been
reported (413,424,426). Since fat slows gastric empty-
ing (420), carbohydrate absorption from low-fat
meals may be accelerated.

According to food supply data, U.S. consump-
tion of added sugars increased 23% from 1970 to
1996 (427). Nine specific foods and beverages
accounted for 73% of all the added sugars in the
American diet. Soft drinks, carbonated sodas, and
fruit drinks provided 43%, while candy, cakes, ice
cream, ready-to-eat cereal, sugar and honey, cookies
and brownies, and syrups and toppings each
accounted for 4% to 5% of the added sugars. As the
intake of soft drinks, carbonated sodas, and fruit-fla-
vored drinks has increased, the consumption of milk
and pure fruit juice has decreased and the quality of
nutrient-rich foods containing Vitamins A, C, D,
riboflavin and folate, and the minerals calcium, mag-
nesium and phosphorous diminished (428). Diets
high in added sugar have been associated with sev-
eral health problems, including obesity, bone loss
and fractures, dyslipidemia, cardiovascular disease,
and dental caries. However, no single factor, including
added sugar consumption, can be linked to their etiol-
ogy. Indeed, the intake of non-nutritive sweeteners

has increased significantly, while the prevalence of
obesity continues to rise. Similarly, caries occurrence
is compounded by frequency of meals and snacks,
oral hygiene, fluoride supplementation and fluoride
toothpaste. Although added sugar consumption has
increased, the prevalence of caries has declined,
probably due to fluoride supplementation and
improved dental care. Similarly, the consequences of
dyslipidemia (i.e., coronary artery disease and its
complications) also have declined. Heart disease mor-
tality has steadily declined for the past 30 years, and
death rates were reduced independently of dietary
intake. Although it is widely agreed that milk and soft
drink intake are inversely related, it remains to be
determined whether this is a cause and effect
phenomenon. Ingestion of a variety of all foods in
moderation is essential. Added sugars belong to the
same biochemical class as other carbohydrates, and
as such are processed in predictable metabolic path-
ways (428). Their intake, however, is best limited to
the recommended modest amounts as part of a well-
balanced diet over time (429).

High-carbohydrate diets have been demon-
strated to increase basal plasma insulin levels in
animals and humans (430,431). Dennison et al. sug-
gested that consumption of ‘‘fruit drinks’’ equal to
or greater than 12 fl oz/day by young children was
associated with short stature and with obesity (432).
Indeed, marked obesity has been associated with ele-
vated basal plasma insulin secretory response to
glucose and protein (433,434). The hyperinsulinemia
of obesity has been regarded as a compensatory
adaptation to the peripheral insulin resistance charac-
teristics of the obese state (435). Since the diets of
moderately obese individuals are excessive in both
total calories and in the quantity of carbohydrate
ingested, the hyperinsulinemia of obesity may also
be a consequence of these dietary factors rather than
merely a secondary response to insulin resistance.
Indeed, it has recently been shown that voluntary
intake after a high-GI meal was 53% greater than that
after a medium-GI meal, and 81% greater than
that after a low-GI meal. In addition, compared with
the low-GI meal, the high-GI meal resulted in higher
serum insulin levels, plasma glucagon levels, postab-
sorptive plasma glucose, and serum fatty acids levels,
along with an elevation in plasma epinephrine (436).
It is, therefore, likely that the slower absorption of glu-
cose after ingestion of high-GI meals induces a
sequence of hormonal and metabolic changes that
promote excessive food intake in obese adolescents.
Recently, Spieth et al. suggested that a low-GI diet
in the treatment of childhood obesity resulted in
greater weight loss than a standard reduced-fat
diet (437).

Reduced meal frequency, or gorging (i.e., one to
two meals daily), has been associated with an increased
risk of obesity (438,439). This is also associated with
high fasting serum lipid and insulin levels. Insulin sti-
mulates hepatic synthesis of cholesterol and tissue
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lipogenesis (440,441). Increasing meal frequency or nib-
bling has been shown to significantly lower serum
cholesterol and insulin levels (442). This is thought to
have a beneficial effect in decreasing triglyceride syn-
thesis in adipose tissue through a reduction in
postprandial glucose and insulin levels. However, this
effect may be significantly minimized by a parallel
reduction in the postprandial thermogenesis stimulated
by insulin and glucose (443).

FINAL CONSIDERATIONS

Obesity and significant comorbidities are reaching
epidemic proportions among children. A variety of
genetic, environmental, and other factors accounts
for the development of obesity. Understanding the
role of leptin in regulating food intake and energy
expenditure is an important discovery. It has been
identified as a component of the pathophysiological
alterations in this entity, including hyperinsulinemia
and its complications. Inborn alterations of leptin
have also been identified in individuals with severe
morbid obesity. However, most obese populations
exhibit various degrees of leptin desensitization. Early
recognition of excessive weight gain in relation to lin-
ear growth is important and should be closely
monitored by pediatricians and health care providers.
The use of BMI percentiles may also help to identify
children at risk and quantify the severity of obesity.
A recent study by Quattrin et al. demonstrated that
in the majority of referred samples of obese children
to pediatric endocrinologists, overweight started in
the preschool years (149). The referral to the endocri-
nologist, occurring after a prolonged interval from the
obesity onset, was ineffective in treating obesity.
Hyperinsulinemia and hypercholesterolemia are often
present also at a young age. These obesity comorbid-
ities in association with high prevalence of parental
obesity and Type 2 diabetes expose these youths to
high risk for developing Type 2 diabetes and coronary
heart disease. These data underscore the need for
early family-based behavioral-lifestyle intervention
programs to be made available to pediatricians,
enabling them to target the ‘‘at risk for overweight’’
preschool children and their likely overweight par-
ents.

Prevention is critical, since effective treatment of
this disease is limited. Food management and increased
physical activity must be encouraged, promoted, and
prioritized to protect children. Dietary practices must
foster moderation and variety, with a goal of setting
the appropriate eating habits for life. Advocacy is
needed to elicit insurance coverage of the disease.
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INTRODUCTION

The main goal of therapy in childhood obesity should
be to achieve lifelong weight control. Therefore, it is
important to assess the child and the family in order
to plan an appropriate therapeutic approach. It is
essential to know the child’s pattern of growth and
weight gain (Vol. 1; Chap. 1). Children who are gain-
ing excess weight and present upward crossing of
percentiles require a more intensive therapeutic strat-
egy than those who are overweight, but are
maintaining a pattern of weight progression and fol-
low the same percentile, as they grow older. In
general, any treatment plan for children with obesity
should aim to induce decreased energy intake and
increased energy expenditure, while maintaining nor-
mal growth. Intervention to induce weight loss must
consider all the factors believed to play a role in the
obesity of a particular child.

In a clinical setting, only proven effective treat-
ment modalities should be utilized for the treatment
of children. A study reported medical complications
in up to 80% of children who were on unsupervised
diets (1). In addition, medically supervised diets
may not be effective and may actually promote
weight gain (2). However, most of our present experi-
ence in the treatment of obesity centers on
environmental and behavioral factors; these represent
the primary areas of intervention. Thus, the corner-
stone of the treatment for childhood obesity includes
dietary intake, physical activity, and behavior modifi-
cation. However, genetic influences are also very
significant in the development of obesity as well as
in the response to treatment, and these need be
considered in the plan. Genetics also help to identify
the child at risk; early intervention for the child
predisposed to obesity is needed, before obesity
reaches severe proportions. Furthermore, any form

of treatment for obesity should take into account
potential underlying medical conditions (i.e., hypoto-
nia, mental retardation, medications, etc.) that may
frustrate or render it ineffective. The presence of
obesity-related comorbidities in children warrant
early medical intervention and/or preventive mea-
sures implemented as soon as recognized. Therefore,
an individualized therapeutic plan with specific
desired goals should be established.

Prior to the initiation of any form of therapy, a
comprehensive medical evaluation is necessary. This
should comprise the assessment of the rate of growth
and weight gain, medical conditions, developmental
milestones, and family history. The latter is essential
to identify children at risk for the type of obesity
and/or the risk factors present in the family, i.e.,
hypertension, diabetes mellitus, and hyperlipidemia.
Furthermore, the assessment should also include
nutritional, psychological, and physical fitness eva-
luations. Obese children are not usually
‘‘overnourished’’ in all aspects. Indeed, the reverse
may be true, because excess calorie intake may
increase the requirements of essential nutrients that
may not be provided by the diet that leads to excess
weight gain. For example, obesity is often associated
with mineral and vitamin deficits (3). In addition,
obese adolescents and adults may engage in binge
eating (4) and may be under tremendous psychologi-
cal stress. These individuals have a higher dropout
rate from weight reduction programs than those
who do not binge. Additionally, the obese child must
be assessed for comorbidities associated with obesity
(Vol. 1; Chaps. 1 and 11).

However, the usual medical evaluation of the
overweight child leaves much to be desired; it often
falls short of the recommended practices (5). In
addition, obese children are not referred for treatment



on a timely basis, whereas children who fail to gain
weight are usually promptly assessed (6). The
majority of obese patients referred to a pediatric endo-
crinologist arrive after a prolonged interval from the
onset of obesity (7). The use of popular diets without
medical supervision may be detrimental.

The treatment of pediatric obesity may be suc-
cessful with dietary intake, physical activity, and
lifestyle changes (8). One-third of the children initially
treated in a multidisciplinary program maintained
their reduced weight after 5 and 10 years. Further-
more, preadolescent children showed better
responses to initial treatment and maintenance of
long-term weight loss. These data are encouraging,
but more research needs to be done to determine com-
pliance with treatment and maintenance of weight
loss into adulthood, particularly in a clinical setting.
Intensive therapies such as pharmacotherapy with
antiobesity medications or bariatric surgery should
be reserved for the treatment of morbidly obese ado-
lescents who present with severe obesity related
comorbidities. Regardless of the treatment strategy,
close monitoring of growth and pubertal develop-
ment is a top priority, because growth and pubertal
development may be compromised with severe
caloric restriction.

This chapter provides an action-oriented
approach for pediatricians and pediatric endocrinolo-
gists. In this chapter, we begin with a broad overview
of pediatrician involvement in prevention strategies,
including public health initiatives. We then describe
lifestyle-based treatments of pediatric obesity, fol-
lowed by a discussion of intensive therapies.

PREVENTION

The prevention of obesity in children may be a cost-
effective approach to combating the obesity epidemic
and its comorbidities in adults, with pediatricians
playing a role not only in clinic settings but also
through public health initiatives. A policy statement
on prevention of pediatric overweight and obesity
was issued by the American Academy of Pediatrics
(AAP) (9). It encouraged pediatricians to advocate
for policies and programs that allow changes in the
‘‘obesogenic’’ environment, in addition to screening
for overweight and associated comorbidities and
offering clinical advice for prompt interventions.

Recommendations for preventing childhood
obesity should be applied from prenatal life onward.
Low birth weight due to maternal undernutrition,
smoking, or placental insufficiency or large size at birth
attributable most often to gestational diabetes mellitus,
may be associated with obesity later in life (10).
Obese parents impose a great risk for their children
to be overweight (11). Although still controversial,
breastfeeding has been considered to be a protecting
factor for future obesity (12). Although recently, the
differences in body mass index (BMI) later in life,
between breastfed and nonbreastfed subjects in a

systematic review of published studies were very small
(13). These factors suggest that lifestyle modification
and early intervention may be important to prevent
future adolescent and adult obesity (14). One of the
most effective strategies for implementation of an
active lifestyle early in life is the reduction in sedentary
activities. This can be achieved by simple measures,
such as by limiting television viewing (15).

Preventive measures implemented in schools
may have a significant impact in the epidemic of over-
weight children. School cafeterias should provide a
healthful diet including fresh fruits, salads, and vege-
tables. Sugary drinks and foods with a high content of
simple carbohydrates should be banned (16,17).
Physical activity should be mandatory at all ages.
Guided exercise and after-school programs for
physical education should be part of a health curricu-
lum. Table 1 depicts the most effective prevention
strategies to accomplish these goals.

Long-term follow up of children treated with
diet, exercise, and behavior modification attained
lower weights 5 to 10 years later than those children
treated in other ways (18–20). However, not all obese
children who were initially successful in reducing
their body weight with a treatment program were able
to maintain their reduced relative body weight later
on in life. Nevertheless, these studies were not made
to be compared with each other, and did not have
similar designs and/or control populations. In
addition, the increasing prevalence of childhood and
adolescent obesity (21) suggests that even the most
successful treatment program may be of limited bene-
fit if it relies on the traditional doctor/patient
interaction model. Furthermore, the frequent presence
of the metabolic syndrome among obese individuals
(i.e., hyperinsulinemia) and family history of Type 2
diabetes, hypertension and/or hyperlipidemia, may
play a major role in patient’s response to conventional
weight management strategies (22). Insulin resistance
and obesity are more resistant to weight loss than that
observed in normoinsulinemic obese children (23)
(Vol. 1; Chaps. 1 and 11).

Therefore, the development of effective methods
for weight reduction should be encouraged and mul-
tidisciplinary research implemented to identify
factors that prevent relapses. However, the pedia-
trician should always exercise simple methods to
assess body weight progression by plotting height
and weight on the growth chart of their patients and
discussing the patterns with the families. This clinical
practice standard is recommended by the AAP, but is
often not being done (24). There are other methods for
the rapid assessment of the nutritional status of
patients that should be routinely used, even in a busy
practice, because the identification of the problem of
obesity and discussing it with the family may be a
good first start (25).

Children should be encouraged to develop
healthy eating habits and exercise patterns that pre-
vent excessive weight gain. This is especially
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important for children in high-risk groups, for
instance, those with obese parents (11) and those
who are overweight by the time they enter school (26).

Health professionals should inform parents of the
potential risks and provide instructions on preventive
measures at an early age. The introduction of a variety
of nutritious foods to children’s diets will lead to the
development of healthy eating practices that may last
a lifetime. Relatively free access to the popular ser-
vings of large-portion meal sizes results in increased
calorie intake (27). This increases the chances of over-
eating and may encourage the development of obesity
over time in predisposed children. A high suscepti-
bility to obesity may also be the result of unlimited
availability of palatable and high-calorie-dense foods.
Laboratory adult rats fed a ‘‘supermarket diet’’ con-
sisting of high-carbohydrate/high-fat foods (i.e.,
chocolate chip cookies, marshmallows, peanut butter,
etc.), gained 2.5 times more weight than normal con-
trols (28). In some animals, the weight gain was not
reversed after the rat was switched back to chow.
The intake of high-calorie-dense food diets may lead
to increase the number and size of fat cells. Addition-
ally, diets that are high-calorie-dense may result in
overweight and iron deficiency (3).

Other lifestyle changes may be important in
addressing the prevention of obesity. A desirable
approach should include reduction of sedentary activi-
ties, such as television viewing and computer and video
game use. In a comprehensive study of 198 third- and
fourth-grade students who participated in a six-month
course geared toward reduction in television viewing,
videotape, and game use, the children in the
intervention group reduced their BMI, triceps skin-
fold thickness, waist circumference, and waist-to-hip
ratio as compared with the control group of children,
who did not change their television-viewing habits
(15). Moreover, children in the intervention group
self-reported fewer hours watching television and
consuming fewer meals in front of the television. How-
ever, no changes were detected between the two
groups about high-fat food intake, physical activity,
and cardiorespiratory fitness. These results suggest
that just reducing television viewing and video game
use contribute to positive changes in obesity indices in
children.

Primary public health measures are critical to
formulate a sound approach to the prevention of obes-
ity in children, and the pediatrician and pediatric
endocrinologist need to play an advocacy role to
achieve these goals. Schools and government agen-
cies, as well as food industries, have responsibility
to support measures that can improve the food habits
and exercise patterns of children and adults. The
schools should play an active role in providing
healthy food choices in the cafeteria and provide
appropriate exercise programs for normal-weight
and obese children separate from competitive ath-
letics. Government and local authorities can insist
that schools implement and promote physical fitness
programs and provide easy access to exercise facilities
in the community. The media must also assume a
responsible position with regard to idealized concepts

Table 1 Strategies to Be Implemented in Prevention of Childhood Obesity

Pregnancy

Normalize body mass index prior to pregnancy

Do not smoke

Maintain moderate exercise as tolerated

Meticulous glucose control, in gestational diabetics

Postpartum and infancy

Breast-feeding is preferred for a minimum of three months

Postpone introduction of solid foods and sweet liquids

Families

Eat meals as a family in a fixed place and time

Do not skip meals, especially breakfast

No TV during meals

Use small plates and keep serving dishes away from the table

Avoid unnecessary sweet or fatty foods and soft drinks

Remove televisions from children’s bedrooms; restrict times for TV viewing

and video games

Schools

Eliminate fundraisers with candy and cookie sales

Review contents of vending machines for healthier choices

Install water fountains

Educate teachers, especially physical education and science faculty,

about basic nutrition and benefits of physical activity

Educate children from preschool through high school on appropriate diet

and lifestyle

Mandate minimum standards for physical education, including

30–45 minutes of strenuous exercise two to three times weekly

Encourage the ‘‘walking school bus’’

Communities

Increase family-friendly exercise/play facilities for all age children

Discourage the use of elevators and moving walkways

Provide information on how to shop and prepare healthier versions of

cultural-specific foods

Healthcare providers

Explain biological and genetic noncontrollable contributions to obesity

Give age-appropriate expectations for body weight in children

Work toward classifying obesity as a disease to promote recognition,

reimbursement for care, and willingness and ability to

provide treatment

Industry

Mandate age-appropriate nutrition labeling for products aimed at

children (e.g., red-light/green-light foods with portion sizes)

Encourage marketing of interactive video games in which children must

exercise in order to play

Use celebrity advertising directed at children for healthful foods to

promote breakfast and regular meals

Government and regulatory agencies

Classify obesity as a legitimate disease

Find novel ways to fund healthy lifestyle programs, i.e., with revenues

from food/drink taxes

Subsidize government-sponsored programs to promote consumption of

fresh fruits and vegetables

Provide financial incentives to industry to develop more healthful

products and to educate the consumer on product content

Provide financial incentives to schools that initiate innovative physical

activity and nutrition programs

Allow tax deductions for the cost of weight loss and exercise programs

Provide urban planners with funding to establish bicycle, jogging, and

walking paths

Ban advertising of fast foods directed at preschool children, and restrict

advertising to school-age children

Source: From Ref. 5.
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of beauty by appropriate programming and feeding of
messages to children and to society.

LIFESTYLE-BASED TREATMENTS
Dietary Approaches

The role of dietary intake in obesity remains contro-
versial, although new data have shed more light on
this subject (29). Obese individuals often claim that
they do not ingest excess food (30). These patients
often seek medical evaluation for failure to lose weight
despite a history of severe caloric restriction. There
are no differences in resting energy expenditure
(REE) or in metabolic rates between diet-sensitive
and diet-resistant obese individuals (31). The differ-
ences in lean body mass account for the variations
in weight reduction induced by diet restrictions in
obese individuals. They are not ‘‘hypometabolic,’’
they ingest excess calories for their energy expendi-
tures. Patients who gain weight increase their
metabolic rate, whereas those who are on restrictive
diets and are losing weight may reduce their energy
expenditure by 10% to 20%. Thus, the results of diet-
ary efforts can only be successful if the reduced
energy intake is accompanied by increased energy
expenditures to overcome the metabolic adaptations
that occur with dieting. A number of studies have
demonstrated that obese individuals tend to underre-
port food intake as compared with normal-weight
subjects (32–34). Indeed, careful metabolic balance
studies in obese adults showed that failure to lose
weight, despite self-reported low caloric intakes,
was due to substantial misreporting of food intake
and physical activity, not to an abnormality in thermo-
genesis. However, the problem is often confounded in
the clinical setting by the difficulties in assessing food
intake and food efficiency.

Dietary composition and different rates of nutri-
ent utilization of ingested diets may influence body
weight. Using indirect calorimetric technique in non-
obese males, Flatt et al. (35) demonstrated that under
sedentary conditions, ingested carbohydrates were
metabolized quickly, while the rate of fat oxidation
remained unchanged. Moreover, it appears that the
body tightly regulates carbohydrate balance for up
to 36 hours after ingestion and it does not alter the
body’s fat balance (36). On the other hand, fat balance
is regulated over the long term, and it may take sev-
eral days before the fat balance adjusts to new levels
of fat ingestion. Thus, excessive fat consumption over
a prolonged period will result in a positive fat balance
and weight gain (37,38). Therefore, a number of medi-
cal organizations including the American Heart
Association (39) and the American Diabetes Associ-
ation (40) currently recommend consumption of
low-fat (LF) diets in the prevention and treatment
of obesity.

However, the relationship between the dietary
fat and obesity has been questioned (41–43) because

both cross-sectional and longitudinal analyses have
failed to show a consistent association between diet-
ary fat and body fat (44,45). Furthermore, recent
studies indicate that weight loss with LF diets is
usually modest and transient (42,46). It is also note-
worthy that the rate of obesity has continued to rise
in the United States, despite reported reduction in
mean fat intake over the past 30 years, from 42% to
about 34% of dietary calories (43,44,47,48).

Similarly, in a randomized trial of low-carbo-
hydrate (LC) diets used for the treatment of obesity,
there was modest weight loss for the first six months
of therapy, but there was poor long-term adherence
and the body weight loss was no longer significant
after 12 months (49). In addition, in a recent study,
the effectiveness of various popular diets in adults
was tested. It was clearly shown that the diets work
as long as the individuals adhere to the diet (50).
Obese adults were given one of the following diets:
Atkins, Ornish, Weight Watchers, or Zone. The study
was carried out in a single center as a randomized
trial of 160 patients, 40 in each diet. They all modestly
reduced weight and improved cardiovascular risk fac-
tors, but there was poor adherence to all diets. The
better outcomes occurred in the patients who adhered
to the diets, though the Weight Watchers had better
adherence rates. Therefore, a calorie is a calorie no
matter how it is ingested, though a well-balanced diet
may be easier to consume for prolonged periods.

In children short-term weight loss was attained in
randomized, controlled trials of dietary interventions,
ranging from LF to LC prescriptions (Table 2) (51).

However, due to the lack of controlled studies in
children, no definitive conclusions can be derived
regarding the long-term effects of these diets in youth.
Although energy restricted, LF diets were endorsed
by the AAP (52) and the U.S. Department of Agricul-
ture (53) among others, no long-term clinical data are
available to support implementation of this specific
dietary approach as the most effective therapy. A sys-
tematic review of 22 randomized-controlled trials
with greater than or equal to six months duration in
overweight children could not achieve any conclu-
sions about the effectiveness of the different
interventions, due to the absence of large long-term
randomized studies (54).

The glycemic index (GI) is another dietary factor
that may influence body weight. GI is a property of
carbohydrate-containing food that describes the rise
of blood-glucose after a meal (55). The GI of a meal
is determined mainly by the amount of carbohydrate
content and by other dietary factors affecting food
digestibility, gastrointestinal motility, or insulin
secretion (including carbohydrate type, food struc-
ture, fiber, protein, and fat) (56–59). The average
American diet contains starchy foods that are pri-
marily refined grain products, cereals, and potatoes
and have a high GI. In contrast, vegetables, legumes,
and fruits have generally a low GI (60). The potential
adverse consequence of the decreased, observed fat
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intake might be related to a concomitant increase in
dietary GI. A reduction of dietary fat tends to cause
a compensatory increase in sugar and starch intake
(61–63). In fact, a rise in total carbohydrate consump-
tion and GI of American diets, over the past two
decades, has been reported (61,63). Because fat slows
gastric emptying (59), carbohydrate absorption from
LF meals is accelerated, and results in faster, higher
blood-glucose concentrations.

Diets that include a low GI/load approach have
received increased attention and are currently under
investigation. GI is defined as the area under the glu-
cose curve after ingesting a 50 g carbohydrate meal,
divided by the glucose area under the curve that
results after consuming a standard reference food
(glucose or bread) containing 50 g carbohydrate, mul-
tiplied by 100 (55). Glycemic load (GL) on the other
hand is the arithmetic product of the amount of carbo-
hydrate consumed and the GI. Thus, while the GI
refers to the effect on postprandial glycemia by the
specific source of carbohydrate, the GL accounts for
not only the source, but also the quantity of carbo-
hydrate (64). Most refined grain products have a
high GI. On the other hand, nonstarchy vegetables,
legumes, nontropical fruits, and whole grains have a
low GI (65). Table 3 depicts the GI and GL of some
representative food items. The reader is referred to
the International table of GI and GL values of over
13,000 data entries representing over 750 types of food
(60). That paper also lists the GL associated with the
consumption of specified serving sizes of different
foods.

Figure 1 depicts the low GI food pyramid (66).
Several studies relating GI to hunger have demon-
strated beneficial effects of low GI compared with
high-GI meals (66). The rapid absorption of glucose
after consumption of high-GI foods induces a
sequence of hormonal and metabolic changes that
promote excessive food intake. Figure 2 shows the
acute metabolic response to three different breakfasts
(low, medium, and high GI) in a group of pubertal
adolescent boys.

The high-GI breakfast induced higher glycemic
and insulin responses compared to the medium and
low-GI meals. Similarly, plasma glucagon level and
free fatty acid concentrations were suppressed to a
greater degree after the high-GI meal compared the
low-GI meal. Higher concentration of counter regulat-
ory hormones correlated with the high-GI meal versus

the low-GI meal. Similarly, greater ratings of hunger
occurred after consuming the high-GI breakfast com-
pared to the medium- and low-GI meals.

A 12-month randomized control trial (68) com-
paring the effects of a low GI/load diet versus

Table 3 Glycemic Index and Glycemic Load of Representative Foods

Food Glycemic indexa Glycemic loadb

Instant rice 91 24.8 (110 g)

Baked potato 85 20.3 (110 g)

Corn flakes 84 21.0 (225 mL)

Carrot 71 3.8 (55 g)

White bread 70 21.0 (2 slices)

Rye bread 65 19.5 (2 slices)

Muesli 56 16.8 (110 mL)

Banana 53 13.3 (170 g)

Spaghetti 41 16.4 (55 g)

Apple 36 8.1 (170 g)

Lentil beans 29 5.7 (110 mL)

Milk 27 3.2 (225 mL)

Peanuts 27 3.2 (225 mL)

Broccoli 14 0.7 (30 g)

Note: To determine the glycemic index of a specific food, subjects are given

a test food and a control food on separate days, each food containing 50 g

of available carbohydrate, and changes in blood glucose concentration are

measured. Glycemic index is calculated with the trapezoidal rule as the

increment area under the blood glucose curve for 2 hours after the test food

is eaten divided by the corresponding area after the control food is eaten,

multiplied by 100%. Values for the most commonly consumed carbo-

hydrate-containing foods have been determined and can be obtained

from published lists. Ellipses indicate value not computed; the values for

most nonstarchy vegetables are too low to measure.
aGlycemic index values are taken from Foster-Powell and Miller (16) and

expressed as a percentage of the value for glucose.
bGlycemic load is calculated as the glycemic index multiplied by grams of

carbohydrate per serving size (15), indicated in parentheses, divided by 100%.

Source: From Ref. 65.

Figure 1 Low glycemic index food pyramid. Source: From Ref. 66.

Table 2 Dietary Approaches Currently Available

Type of diet Carbohydrate/fat (%) Example

Very low fat 70–75/�10 Ornish diet

Low fat 45–65/�35 Dietary Guidelines for

Americans 2005

Low energy density Variable Volumetricss

Low carbohydrate �10/60 Atkins diet

Low-glycemic load Variable South Beach diet

Source: Adapted from Ref. 51.
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conventional LF diet in 14 obese adolescents showed
a reduction of BMI at 12 months of –1.3� 0.7 units in
the low-GI group versus 0.7� 0.5 units in the LF
group (p ¼ 0.02). Similarly, fat mass decreased more
in the experimental group (–3.0� 1.6 kg) compared
to the conventional group (1.8� 1.0 kg, p ¼ 0.1). Insu-
lin resistance assessed by the homeostasis model
assessment also increased less in the experimental
group. A randomized-controlled 12-week trial com-
pared the effects of a LC diet with self-selected
energy intake to a LF diet with self-selected energy
intake on weight loss in overweight adolescents (69).
Adolescents in the LC group lost 9.9� 9.3 kg

compared with 4.1� 4.9 kg for teens in the LF group
(p< 0.04). Eight of 16 subjects in the LC group lost
more than 1 kg/wk compared with 4 of 14 in the LF
group (p< 0.05).

Spieth et al. suggested that a low-glycemic-index
diet in the treatment of childhood obesity resulted in
greater weight loss than a standard reduced-fat
diet (70). It has been shown that voluntary intake after
a high-GI meal was 53% greater than after a medium-
GI meal, and was 81% greater than after a low-GI
meal. In addition, compared with the low-GI meal,
the high-GI meal resulted in higher serum insulin
levels, plasma glucagon levels, postabsorptive plasma

Figure 2 Hormonal and metabolic changes

after test breakfasts. Plot symbols: square,

high-GI meal; circle, medium-GI meal; triangle,

and low-GI meal. Abbreviation: GI, glycemic

index. Source: From Ref. 67.
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glucose, and serum fatty acids levels, along with an
elevation in plasma epinephrine (68). It is, therefore,
likely that the rapid absorption of glucose after inges-
tion of high-GI meals induces a sequence of hormonal
and metabolic changes that promote excessive food
intake in obese adolescents.

When comparing the standard low-calorie, LF
diet versus the LC diet, the LC diet resulted in greater
high-density lipoprotein-cholesterol (HDL-C) and
lower triglyceride (TG) levels compared to the LF diet.
A randomized study by Samaha et al. (71), conducted
in 132 obese adults for six months comparing a carbo-
hydrate-restricted diet with a LF diet revealed greater
weight loss (–5.8 vs. –1.9 kg), better insulin sensitivity,
and lower TG levels in those that received the LC diet.
A one-year study by Foster et al. (49) on 63 obese
adults reported a more favorable lipid profile at one
year of dietary treatment with the LC diet.

High-carbohydrate diets increase basal plasma
insulin levels in animals and humans (72,73). Obesity
is associated with elevated basal plasma insulin
secretory response to glucose and protein (74,75).
The hyperinsulinemia of obesity appears to be a com-
pensatory adaptation to the peripheral insulin
resistance that characterizes the obese state (76)
(Vol. 1; Chap. 11). Because the diets of moderately
obese individuals are usually excessive in both total
calories and in the quantity of carbohydrate ingested,
the hyperinsulinemia of obesity may also be a conse-
quence of these dietary factors.

The traffic-light diet is another approach that
may be suitable for preschool and preadolescent chil-
dren. This consists of a 900 to 1300 kcal/day diet of
‘‘tagged’’ foods designed to meet the age recommen-
dations for appropriate nutrient intake using the
basic four food groups outlined in the food guide
pyramid. These diet groups fit food into three
categories: Green foods (go) can be consumed in
unlimited amounts; yellow foods (caution) have aver-
age nutritional values within their group, and red
foods (stop) provide less-nutrient density per calorie
because of high-fat or simple carbohydrate content
(77,78). Combined with a comprehensive treatment
protocol, this diet was effective in obesity and
changed eating habits in preadolescent children
(78–81). Furthermore, weight loss up to 10 years was
maintained when the traffic-light diet was combined
with behavioral, exercise, and familial components
of a comprehensive treatment program (18,19,82).

In summary, despite the controversy and lack of
conclusive data on the most effective dietary
approach to treat obesity, specific recommendations
for a healthy diet along with physical activity can help
most people to prevent, manage, and maintain weight
loss. Long-term effects and safety of low-glycemic
diets need to be evaluated in children. Although
low-GI or GL diets appear to be promising in the
management of obesity, large-scale long-term rando-
mized-controlled trials are required before definitive
conclusions can be drawn.

A healthful diet should include fruits, vegeta-
bles, legumes, and whole grains, and should restrict
the intake of processed foods, sugary drinks, and
foods with a high content of fat. Eating satisfying por-
tions of low-energy-dense foods can help enhance
satiety and control hunger while restricting energy
intake for weight management (83). Providing older
children and adults with larger portion sizes can lead
to increased energy intake. One study showed that
children ate 25% more when served a large entrée as
compared with the amount ingested when they
decided themselves (27).

Any dietary intervention in overweight children
should provide a physiologic nutritional balance for
growth and development. Severe caloric restriction
may produce macro- and micronutrient deficits, elec-
trolyte imbalances, and may compromise linear
growth velocity. As discussed below, behavioral
modification and family participation are critical com-
ponents of any dietary intervention (77,82).

Food Management

Diets are most likely to succeed if individualized
according to eating patterns, degree of motivation,
intellect, amount of family support, and financial con-
siderations. Therefore, a management approach to
food intake is preferable to a diet prescription. A
well-balanced calorie restrictive intake that provides
all the necessary nutrients is the most effective and
safest treatment for obesity (29). The reduction in
caloric intake should consider the weight and weight
history of the child. In addition, the usual calorie
intake and the type of food consumed should be
considered. In a study of lean and overweight
adolescents, over consumption of fast food was preva-
lent among adolescents, though the obese individuals
were less likely to compensate for the energy in fast
food, by adjusting energy intake throughout the day,
than the lean counterparts (84). Body size, rate of
growth, degree of adiposity, desired weight, and esti-
mated daily activity level must also be considered for
the therapy plan. As a rule, moderately obese children
should be placed on an energy intake and exercise
level that will slow weight gain appropriate for their
age and growth. In specific instances, to allow for par-
ental or patient desires, it may be appropriate to
design a nutrient intake to induce a slight weight loss.
To accomplish this goal, for practical purposes it can
be assumed that one pound of fat represents 3500 kcal.

The food choices must be individualized in
accordance with the taste and preferences of the fam-
ily and the patient, with an aim of meeting all the
appropriate dietary requirements. This should be
achieved gradually to ensure compliance, while
appropriate eating patterns are established. It is
important to correct all potential nutritional deficits
at the beginning of the treatment and to assess for
the frequent comorbidities associated with the dis-
ease. Initially, a 10% calorie reduction with the usual
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nutrient intake should be prescribed, and when to eat
and how often should also be recommended. There
are potential benefits from nibbling and avoiding
gorging, thus consumption of multiple small meals
is preferable to one large meal, though ultimately
the amount consumed is most important (85). While
on treatment it is important to monitor any alteration
that may develop throughout the follow-up period.

The following is an example of an initial
approach to the treatment of an obese adolescent: a
14-year-old boy with a weight of 72 kg and a BMI of
28% was examined because of obesity. The initial
nutritional evaluation documented that he was ingest-
ing the diet shown in Table 4. This diet is typical of
this age group (86). Analysis of the diet revealed that
he was ingesting 3200 kcal (44.5 kcal/kg/day), plus
28% of that recommended for his age/size. He was
also ingesting 44% of the total calories from fat;
14.6% of the total calories from saturated fat with
723 mg cholesterol, all being very high. He also had
a high sodium intake of 4739 mg, almost double than
that recommended for his age (87).

Although his intake was very inappropriate,
treatment was started with a slight modification to
improve compliance. By eliminating one doughnut
and switching from regular soda to diet soda, the
energy intake was reduced to a level sufficient to
avoid weight gain and maintain his current weight
(38.5 kcal/kg/day). By simply eliminating those two
items from the diet, there was a drop in calorie intake
of 433 kcal/day. Other inappropriate dietary habits
were not corrected, although the cholesterol intake
also dropped by 19 mg/day. Once the patient
adjusted to these simple changes, further work was
necessary to improve upon the excess fat intake and
reduce the amount of saturated fat from the diet.
Patients who do not comply with simple measures

might not be sufficiently motivated or learn to
improve their nutritional habits for life.

Another example is a 50 kg five-year-old patient
with a BMI of 37% who was gaining weight rapidly
and had biochemical abnormalities detected in the
work up (i.e., hyperinsulinemia and hyperlipidemia).
The patient and the family were highly motivated.
Her caloric intake was 1400 to 1500 kcal/day. This
level of energy intake was not excessive for mainte-
nance of body weight (30 kcal/kg/day). However, it
contained a high proportion of dietary fats. A realistic
goal for her was set at 10% of body weight loss and
then weight maintenance, until her weight would
catch up with her height and normalize the height-
to-weight ratio. This was a long-term plan that would
require a successful attempt with three years of body
maintenance.

Food management was initiated without reduc-
ing the total calories, because her total daily caloric
intake did not appear to be excessive for weight.
Her food choices were modified to reduce the fat
intake. She was placed on a 1500 kcal meal plan with
decreased fat content (30%), while increasing
complex-carbohydrates (low GI). This included
increasing vegetables in her diet and substituting
low-calorie snacks for high-fat foods. She was given
three meals and three snacks daily. It is recognized
that frequent meals are more effective for weight con-
trol than one large meal, if reduced energy intake is
accomplished (85). Therefore, her usual intake that
consisted of one or two large meals per day was
discouraged.

Day-to-day variations in caloric consumption
are characteristic of normal eating patterns and thus
they should be allowed as long as they not are exces-
sive. For example, it would be appropriate for a girl
on a 1500 kcal-meal plan to have a range of intakes
from approximately 1200 to 1800 kcal/day. While
assessment of the rate of weight loss and growth is
important, periodic assessment of nutrient compo-
sition of the diet is essential. This is particularly
important for such micronutrients as calcium, iron,
magnesium, copper, zinc, folacin, and vitamins,
because these are very likely to be deficient on a
restricted dietary intake (44). However, it is important
to reiterate that total energy intake, more than the
type of energy consumption or distribution of calor-
ies, determines weight loss (29). Therefore, a balanced
diet that provides a reduced intake is preferable
because it achieves long-term weight control with
healthier eating behaviors as described below.

Behavior Modification

Behavior intervention and lifestyle modification are
essential components of a multidisciplinary obesity
program (88). Behavioral treatment helps the over-
weight person develop skills to cope with an
environment that promotes overeating and inactivity,
whether implemented on an individual basis or in a

Table 4 Typical Intake of an Adolescent Evaluated for Obesity

Energy (kcal)

Breakfast

Two sausages and two eggs 300

Coffee (1 cup) 0

Whole milk (1 cup) 150

Fruit juice (1 cup) 110

Lunch

McDonald’s Quarter Pounder 525

French fries (10 strips) 160

Soda (1 can) 148

Dinner

Half chicken breast 220

Baked potato (1) 220

Salad with dressing (8 oz) 85

Daily snack

Donuts (2) 570

Chocolate chip cookies (3) 185

Ice cream (1 cup) 270

Potato chips (10 pieces) 105

Total 3207

Source: From Ref. 87.
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group setting. The effects of an eight-month family-
based behavioral intervention study reported by
Epstein et al. (18) in a group of 6- to 11-year-old over-
weight children showed greater decreases in percent
overweight compared to the control group 10 years
after finishing the intervention.

The goal of behavioral treatment is to help over-
weight individuals to identify and modify conditions
associated with sedentary lifestyle and maladaptive
eating habits by using different strategies applied in
a family-based context (77,84). Relevant behaviors
should be identified and positive changes should be
reinforced. For the behavioral approach to be effec-
tive, it must define reasonable, clear goals and must
help the overweight patient to find not only what
needs to be changed but also how to do so. Limitation
in the intake of sugary beverages, reduction of tele-
vision viewing, and increase in physical activity are
the bases of behavioral modification. Most of the tech-
niques of behavioral modification are based on the
principles of classic behavioral conditioning techni-
ques. The selection of the appropriate strategy
should be based on the specific characteristics and
needs of the patient. Table 5 depicts several strategies
commonly used.

Of these strategies, monitoring has been con-
sidered as one of the most important techniques of
behavior modification (89) because it appears to be
crucial for long-term maintenance of weight loss.
Patients or parents are encouraged to continually
assess eating and exercise behaviors by keeping food
and activity diaries.

Stimulus control is a technique used to create an
environment with fewer opportunities to encourage a
sedentary lifestyle or excessive caloric intake. Cogni-
tive restructuring and goal specificity will provide
the appropriate skills to counter unrealistic expecta-
tions and irrational attitudes regarding weight loss
and body image. By increasing motivation, social sup-
port plays an important role in weight management.
A family-based strategy is essential in the assessment
and treatment of pediatric obesity.

Limitation of sedentary behaviors (television
viewing, computer use, and video games) by positive
reinforcement appears to be as effective as increasing
physical activity (90). The reduction of sedentary
behaviors in obese children results in lower intake

of high-energy-density foods, increased energy
expenditures, and indirectly promotes a more active
lifestyle (90,91).

Exercise

Dietary treatment in childhood obesity should be com-
bined with exercise to promote long-term weight loss.
The metabolic response to caloric restriction is charac-
terized by a reduction of the REE with subsequent
decrease in caloric utilization (92,93). Exercise will
improve health in general and will contribute to the
maintenance of weight loss. By reducing visceral and
total fat mass and increasing muscle mass, exercise
enhances basal metabolic rate, which will contribute
in maintaining a negative caloric balance (94).

In addition to weight control, physical activity
has other health benefits including improvement of
body composition and several obesity-related comor-
bidities such as dyslipidemia, i.e., reduction in
low-density lipoprotein-cholesterol (LDL-C) and TG,
increase in HDL-C, lower blood pressure, improve-
ment in insulin sensitivity and endothelial function,
and psychological well-being (95,96). Ferguson
et al. (97) reported in a randomized crossover study,
improvement of several components of the metabolic
syndrome in a group of 70 children who underwent
four months of intense exercise training. Improve-
ments of plasma TG, insulin sensitivity, and
reduction in total body fat occurred during the
exercise-training period.

While programmed exercise typically includes
aerobic sessions, lifestyle activity integrates exercise
into daily routines and appears to be more successful,
enjoyable, and sustainable. Increasing parents’
physical activity should also be part of the inter-
vention. Table 6 depicts some of the lifestyle
activities that can be recommended as part of the
behavior intervention.

The American Heart Association recommends
that all children aged two and older should participate
in at least 30 minutes of enjoyable, moderate-intensity
activities every day. They should also perform at least
30 minutes of vigorous exercise at least three to
four days each week to achieve and maintain a good
level of cardiorespiratory fitness (98). The use of

Table 5 Common Strategies Used in Behavior Modification

Contingent reinforcement/incentives

Stimulus control

Parental monitoring/self-monitoring

Goal specificity

Planning ahead

Parental modeling

Problem solving

Cognitive restructuring

Social support

Stress management

Table 6 Practical Recommendations to Implement an Active Lifestyle

Promote reducing the time spent in sedentary behaviors such as television

watching, video games, telephone, and computer use

Promote daily moderate to vigorous physical activity as part of the child’s

family’s lifestyle by:

� Using active transportation (walking and biking)

� Walking to school if possible

� Avoid using elevators

� Planning summer day camps

� Increasing outdoor activities

� Participating in after-school programs of physical education

Note: Any exercise plan should be enjoyable, sustainable, and age

appropriate.
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pedometers, in combination with recordkeeping,
may be an effective way of implementing an active
lifestyle (99).

However, exercise should be prescribed on an
individual basis with an exercise program based upon
the initial fitness level (100). A slow progression of the
intensity, frequency, and duration is required to
achieve the goal of weight control. For instance, obese
children may achieve maximal energy expenditure
during a brisk walk, because prescriptions for more
demanding physical activities like jogging are likely
to be impossible at the start. Resistance training may
also be a suitable component of a structured obesity-
treatment program. One study found that weight loss
was maintained for up to one year in obese preadoles-
cents after completing a 10-week program that
included resistance training combined with a low-
calorie diet, behavior modification, and aerobic and
flexibility exercises. Furthermore, compliance with
the exercise regimen was 100% (101).

The amount and the density of physical activity
have a direct influence on the energy expenditures.
However, energy cost for most activities is generally
greater for heavier people. There is also some evi-
dence that increased activity in the obese individual
may decrease appetite while increasing metabolic
rate. Both obese and lean individuals experience a
19% to 30% decrease in resting metabolic rate within
24 to 48 hours following caloric restriction (31,102).
Thus, caloric restriction without an increase in phy-
sical activity may not result in continued weight
loss. Regular aerobic exercise combined with energy
restriction will result in greater reductions in body
weight than dieting alone. It should be kept in mind
that energy expenditures are also significant through
nonpurposeful exercise through daily activities (103).

Intermittent exercise and use of home exercise
equipment are effective in inducing and maintaining
weight loss in adults (104). Individuals who used
the equipment longer were those who lost more
weight and sustained their weight loss for longer per-
iods of time. The type of exercise is also important:
Long bouts of exercise of greater intensity were more
beneficial. The benefits transcend those of body
weight. The relationship between cardiorespiratory
fitness and mortality in normal-weight, overweight,
and obese men was clear (105). Fitness is an inde-
pendent predictor of health, comparable to diabetes
mellitus, cholesterol levels, hypertension, and smok-
ing. However, the use of home devices to increase
energy expenditures in children has not been scientifi-
cally evaluated.

Major benefits may be attained by simply
engaging in leisure-time physical activity. This is
often not achieved, because most persons trying to
lose weight are not accomplishing the recommended
combination of reducing calorie intake and engaging
in leisure-time physical activity (150 minutes/week)
(106). If the two patients mentioned above are given
dietary treatment added to their treatment regimen

a habit of walking 20 minutes/day, they would
enhance their energy expenditure by 5.8 kcal/
minute. In other words, they would increase their
energy expenditures by 116 kcal/day. This will
enhance the reductions in energy intake induced
by the dietary restriction, therefore increasing
weight loss and enhancing their health. The amount
of energy necessary for various physical activities is
shown in Table 7.

Energy expenditure is related to the size of the
individual and should, therefore, be related to body
weight. The usual dietary energy allowance for chil-
dren 4 to 18 years varies between 34 and 82 kcal/
kg/day. For competitive and long-endurance exer-
cises in children, energy expenditure should be
increased by 17.6 to 52.8 kcal/kg/day above usual.

Family Involvement

Supportive counseling and reinforcement can help
set the goals for health professionals, patient, and
parent. This may allow for long-lasting results and
avoidance of failure and frustration. Refusal to
adhere to a weight-reduction plan may be due
to lack of family support, insufficient motivation, or
other psychological stresses. For instance, it was
demonstrated that children of married parents lose
weight at higher rates than those of divorced parents
(77). When a weight-reduction plan is recommended,

Table 7 Energy Expenditure in Occupational, Recreational, and Sports

Activities (kcal/minute) for a 50 kg Individual

Activity

Calories expended

per 50 kg (110 lb)

Basketball 6.9

Cycling

Leisure 5.9

Racing 8.5

Computer typing 1.4

Dancing

Ballroom 2.6

Vigorous 8.4

Eating (sitting) 1.2

Football 6.6

Gymnastics 3.3

Swimming

Backstroke 8.5

Breaststroke 8.1

Crawl, fast 7.8

Crawl, slow 6.4

Tennis 5.5

Volleyball 2.5

Fishing 3.1

Gardening: mowing 5.6

Marching 7.1

Running: 8 min/mile 10.8

Sitting quietly 1.1

Skiing (hard snow): moderate speed 6.0

Walking (comfortable pace)

Fields and hillsides 4.1

Grass track 4.1

Writing (sitting) 1.5

Source: From Ref. 87.
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conflicts frequently arise between the patient and
nondieting family members, regarding the degree
of dietary restriction and who is permitted to eat dif-
ferent foods.

Dietary restriction should not be introduced in a
punitive fashion. In some cases, the obese child and
the entire family may benefit and adhere to a diet
similar in composition, if not quantity. Participation
of the entire family should help minimize the feelings
of isolation of the overweight child. Family involve-
ment is essential for the success of any obesity
treatment plan. Children whose families are involved
in their treatment protocol lose more weight and
maintain it for more prolonged periods that those
whose families are not participatory. Eating patterns,
food choices, and other behavioral factors of impor-
tance in obesity are family characteristics.

Food management and physical exercise are
essential components for the development of effective
treatment. The area of greatest concern for psycholo-
gists is how to get children to alter food intake and
activity behaviors. Because the primary focus is on
changing the child’s behavior, parenting skills rep-
resent an integral component of the intervention.
Stimulus-control procedures for the behavioral
control of overeating have led to the development of
several behavioral techniques for the treatment
of obesity. These include self-monitoring of body
weight and/or food intake, goal setting, reward and
punishment, aversion therapy, social reinforcement,
and stimulus control. Several of these modifications
have been found to be effective with children
(18,19,78–80,107). The interventions assume that the
obese child is an overeater who is hypersensitive to
food stimuli and can be trained to behave like a non-
obese person and subsequently lose weight.
Moreover, positive family support improved the
degree of immediate and long-term weight loss in
children and adolescents (18,79,80).

Any program designed specifically for treating
obese children must include a group format with indi-
vidualized counseling, parent participation, frequent
sessions over a long period of time, appropriate exer-
cise, and changes in the home environment to
reinforce changes in the child’s lifestyle. The behavior
modification sessions should include the family self-
monitoring, goal setting and contracting, parenting
skills training, skills for managing the high-risk
situation, and skills for maintenance and relapse
prevention (80).

THERAPEUTIC GOALS

Initial therapeutic goals to treat obesity should be
determined taking into account age, BMI percentile,
the pattern of weight progression, and the presence
of comorbidities. Children and adolescents with a
BMI greater than or equal to 95th percentile and those
who are overweight (85th–95th percentile) who

present with significant comorbidities, should be
treated. Obese children age two to six and those older
than six years need a program implemented for
weight maintenance or weight loss, respectively (108).
Excessive caloric restriction is contraindicated in
children as it may compromise growth and
development. An overweight child should have a
well-balanced diet with sufficient calories to promote
growth, but with an intake restricted enough to pro-
duce weight loss. The normalization of the body
weight and BMI, although a theoretical long-term
goal, may not be a realistic expectation in many
patients.

In obese adults, significant improvement in
obesity-related metabolic, orthopedic, and cardio-
pulmonary comorbidities occurs after modest weight
loss of 5% to 10% of body weight (109). However,
the most important problem remains—the poor main-
tenance of treatment induced weight loss and relapse
prevention in both adult and pediatric obese patients.
An extended treatment intervention program based
on a problem-solving model therapy appears to be
effective in long-term management of obesity (110).

Yo-Yo Weight Cycling

A very important therapeutic goal is to avoid weight
cycling; it has a profound effect on body composition
and its metabolic efficiency (102). Weight loss fol-
lowed by weight gain results in loss of muscle;
increased fat; greater risk of heart disease; and frus-
tration (111,112). Chronic dieters learn to cope with
dieting. They develop a very efficient mechanism to
maintain their weight with fewer and fewer calories,
with each attempt to lose weight. There is loss of
muscle mass and an increased fat mass. These body
composition changes during weight cycling decrease
metabolic expenditures and lead to an elevation of
basal insulin and lipoprotein lipase levels (113),
resulting in more fat deposition. In addition to
changes in the body composition, the patient
becomes psychologically frustrated because of fail-
ure to achieve the desired weight loss. The outcome
is a patient who ingests very few calories and yet
cannot lose weight.

Chronic dieters may also increase their risk for
heart disease more than if excess weight remained at
a stable level. Dieting leads to fat mobilization and
during the regaining phase there is increased abdomi-
nal adiposity. The regained weight is more likely to be
distributed into the upper body, where it is potentially
more harmful (114) and associated with a higher inci-
dence of heart disease and glucose intolerance (115).
Appropriate strategies to avoid weight cycling should
be considered at the beginning of a child’s weight-
reduction program; those who are not fully commit-
ted or motivated should not start. When a child is
ready to participate in a weight reduction program,
it should represent a serious commitment of all
involved.
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Fat and Sugar Substitutes

Bulking agents and nonprescription diet aids, such as
methylcellulose and other noncaloric bulk materials,
have been used in experimental and clinical attempts
to inhibit food intake. The rationale for the use of such
agents is that they swell in the stomach and suppos-
edly give a feeling of satiety. Indeed, several lines of
evidence suggest that dietary fiber may play a key
role in the regulation of circulating insulin levels.
Dietary fiber reduces insulin secretion by slowing
the rate of nutrient absorption following a meal
(56,116). In the experimental setting, insulin sensi-
tivity increases (57) and body weight decreases (58)
in animals fed high-fiber diets. In addition, fiber
consumption predicted insulin levels, weight gain,
and other cardiovascular heart disease (CVD) risk
factors more strongly than total or saturated fat con-
sumption. Therefore, high-fiber diets (10–15 g/day)
may protect against obesity and CVD by lowering
insulin levels (59).

There are many misconceptions about the bene-
fit of the use of nonnutritive sugar substitutes and the
consumption of foods containing nonnutritive sweet-
eners. Currently, nonnutritive sweeteners approved
for use in the United States include saccharin, aspar-
tame, acesulfame K, and sucralose. Other sweeteners
include sorbitol, mannitol, and xylitol. Many obese
individuals consume foods containing these sweet-
eners, thinking they are reducing their caloric intake.
However, many of these foods contain either the same
amount of or more calories than their regular sweet-
ened counterparts. For example, dietetic chocolate
contains 168 calories per 2 oz serving. Regular sweet-
ened chocolate contains only 150 calories for a similar-
sized serving (117). Therefore, without proper advice
from a dietician, many obese individuals may be over
consuming calories by including dietetic foods in their
diets. These foods also tend to be more expensive.

INTENSIVE THERAPIES

Very low-calorie diets (VLCD), pharmacotherapy, and
bariatric surgery have been recommended for mor-
bidly obese adults; however, they are still
considered as experimental approaches for treating
obese children. Although there are no clear guidelines
to define what pediatric population should be offered
these interventions, emerging data suggests that
intensive therapy may be beneficial for severely obese
adolescents or severe obesity-related comorbidities.
Long-term clinical trials are warranted to assess the
risks and benefits of intensive therapies on growth,
puberty, and psychological development in children
and adolescents.

Very Low-Calorie Diets

The national task force on the prevention and treat-
ment of obesity published a report on the efficacy of

VLCD on weight reduction in adults (118). Although
rapid weight loss could be achieved, the long-term
evolution of obese patients on these diets was disap-
pointing. Slowly but surely they regained their
weight and within one to five years they were of the
same weight as before the treatment, regardless of
the diet given.

There are few studies documenting the success
of structured programs for treating childhood obesity
that encompass the use of VLCD. LC diets are usually
high in protein and fat. They involve intake of large
amounts of meat and restrict carbohydrate-containing
foods such as fruits, vegetables, and grain products.
The high intake of fat in such diets can increase the
risk of coronary heart disease and other problems
such as gallstones and high cholesterol. The body
depends heavily on its fat stores for energy, while
on a LC diet. This can lead to ketosis. The rapid
weight loss on these diets is composed of 60% to
70% water and the dieters often regain weight rapidly,
once normal eating is resumed (119,120). Very low-
calorie restriction using a protein-sparing, modified
fast (PSMF) diets (400–800 kcal/day) is designed to
produce rapid weight loss of up to 2.3 kg/week
(5 lb), while preserving vital lean body mass. The pro-
tein is provided as lean meat or fish, or in a milk or
egg-based liquid formula. It has been suggested that
these diets spare body protein by decreasing insulin
levels and enhancing fat breakdown (121), while inhi-
biting the release of amino acids from muscle (122).
However, in the past, several deaths have been asso-
ciated with the use of these formulas (35). Moreover,
these quick-fix weight-loss schemes may be unsafe
for use in children and do not promote healthy eating
behavior for long-lasting weight control.

Nutritionally balanced VLCD, combined with
exercise, may improve the outcomes in structured
obesity treatment programs for children (81,123).
Obese individuals who entered a structured 10-week
program that included exercise and behavior modifi-
cation, along with a VLCD showed good response.
After 10 weeks, BMI decreased from 33.8 to 29.6. Fat
mass was reduced without decrements in both lean
body mass or energy expenditure (29). These results
suggest that a multidisciplinary structured program
for treating severely obese children that is maintained
for long periods of time may yield positive results.
However, the metabolic adaptations during energy
restriction and the implications to the different diets
that may affect the fuel regulatory system (121) need
be kept in mind, particularly in growing children.

Pharmacological Treatment

The administration of weight-loss medications in chil-
dren and adolescents must be conducted under
medical supervision and as part of a clinical trial.
Only antiobesity medications that are proven safe
and effective in this age group should be prescribed.
Pharmacological treatment should never replace diet
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and lifestyle changes and it should be implemented
only as a supplement to standard treatment. Beha-
vioral and pharmacological treatments appear to be
additive in adult studies. Thus, the amount of weight
loss depends on the intensity of behavioral approach.

Pharmacological treatment of obesity is still con-
troversial. Long-term use of medications to suppress
appetite or antiobesity pills is not indicated for the
treatment of pediatric obesity unless dealing with a
morbidly obese adolescent (124). Studies involving
the use of anorectic drugs alone or in combination
with behavior therapy have demonstrated that weight
loss is no greater than when behavior therapy was
used alone. When the drugs were stopped, the weight
was regained more rapidly. However, the combi-
nation of medication and group lifestyle modi-
fication resulted in more weight loss than either
medication or lifestyle modification alone (125). Fur-
thermore, the effectiveness of appetite-suppressant
drugs (i.e., amphetamines) appears to decrease with
time and there may be side effects. The addictive
potential of amphetamines and the risk of depression
associated with fenfluramine have resulted in the
minimal use of these agents in children and adoles-
cents. The use of serotonin agonists such as
fluoxetine and fenfluramine in the short term may
be useful as an adjunct in weight-loss programs for
children and adolescents (124,126). These drugs seem
to decrease appetite and carbohydrate craving.
Although they are by no means the solution to weight
loss, they may help individuals at the beginning of a
weight loss program by suppressing appetite. They
must be used with caution and for a very limited time
(127). In fact, serious side effects such as pulmonary
hypertension and valvular heart lesions have been
associated with the use of fenfluramine and its deriva-
tive, dexfenfluramine, in combination with another
appetite suppressant (i.e., phentermine) (128).
Recently rimonabant, a selective cannabinoid 1-recep-
tor blocker, was shown to reduce body weight and
waist circumference and improved the profile of sev-
eral metabolic risk factors in obese adults (129).

Another potential antiobesity medication is met-
formin, an antihyperglycemic drug, which has been
reported to enhance insulin sensitivity leading to
reduced appetite and body weight in obese children
and adults (130). Fremark et al. recently demonstrated
that a six-month trial of metformin treatment (500 mg
twice daily) in a group of obese adolescents caused
significant reductions in BMI, fasting glucose, and
insulin compared to a placebo group. In a two-month
study, Metformin (850 mg twice daily) in a group of
adolescents on a hypocaloric diet caused significant
reductions in weight, fasting insulin, leptin, and lipids
compared to a placebo group (131). The use of diazox-
ide, an inhibitor of glucose-mediated insulin
secretion, in a group of hyperinsulinemic obese adults
was effective in short-term weight reduction with few
adverse effects (132). Daily subcutaneous administra-
tion of octreotide (somatostatin analogue), an

inhibitor of pancreatic insulin secretion, to a group
of children and adolescents with hypothalamic obes-
ity secondary to cancer therapy likewise resulted in
significant reduction in body weight over a six-month
period (133). The results of these studies imply that
attenuation of hyperinsulinemia of obesity may be
of therapeutic benefit in the management of this dis-
order. However, long-term efficacy and safety of
these agents have yet to be evaluated in children.

The administration of exogenous leptin has been
shown to result in loss of body fat in animals with ele-
vated leptin levels (134), as well as in humans
with leptin deficiency, by reducing food intake
(Vol. 1; Chap. 1). However, in the ordinary obese
patient, Heymsfield et al. demonstrated that a six-
month administration of subcutaneous recombinant
leptin in high dosages induced mild weight loss in
some obese adults with elevated endogenous leptin
concentrations if maintained on a diet and exercise
regimen (135). Additional research into the potential
role for leptin and other related hormones for the
treatment of human obesity is needed, though these
do not appear to provide the magic bullet for most
obese patients.

At the present time, orlistat and sibutramine are
the only antiobesity drugs approved by the FDA for
long-term use in adults. Orlistat has also been
approved by the FDA for the treatment of obesity in
children older than 12 years and sibutramine for use
in adolescents over 16 years of age (136). Orlistat, an
inhibitor of gastrointestinal lipases, blocks the absorp-
tion of up to one-third of fat intake. It has no systemic
activity. Most of its side effects are related to fat
malabsorption. Abdominal pain, flatulence, diarrhea,
steatorrhea, increased defecation, and fecal urgency
and incontinence are the most common side effects.
These side effects can be ameliorated by reducing
the intake of fat. Supplementation with vitamins A,
D, E, and K is recommended as the long-term use of
orlistat may compromise the absorption fat-soluble
vitamins. The recommended dose is 120 mg three
times a day with meals. The use of inhibitors of diges-
tive enzymes, such as intestinal lipase, in obese and
diabetic adult patients has been shown to be beneficial
for weight reduction and improved glycemic control
(137,138).

The study by McDuffie et al. (139), determined
the safety and efficacy of orlistat plus behavior
intervention among overweight African-American
and Caucasian adolescents. Patients received six
months of treatment with orlistat (120 mg three times
daily) as well as a six-month comprehensive behavior
intervention. The study participants showed decrease
in weight, BMI, total cholesterol, LDL-C, fasting insu-
lin, and fasting glucose. The mean weight loss over six
months was 3.75 kg. A multicenter 54-week rando-
mized, double-blind study (140) in 539 obese
adolescents of age 12 to 16 years compared the effect
of orlistat versus placebo The orlistat group showed a
0.55 units decrease in BMI, while the placebo group
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experienced an increment of 0.31 units. Up to 50% of
patients taking orlistat experienced mild to moderate
GI side effects compared with 13% in the placebo
group. No significant differences between both
groups with respect to lipids, glucose, and insulin
were reported.

Sibutramine, an anorectic agent that inhibits
neuronal reuptake of serotonin, norepinephrine, and
dopamine (141) has also been used in overweight ado-
lescents. Its main side effects are mild hypertension
and tachycardia (which improved with weight loss),
insomnia, anxiety, headaches, and depression. The
medication is contraindicated in hypertension, cardio-
vascular disease, or in combination with monoamin
oxidase inhibitors, selective serotonin reuptake inhibi-
tors, erythromycin, and ketoconazole. The safety and
efficacy of sibutramine have not been established in
pediatric patients under the age of 16 years. Although
several studies in adults have shown modest weight
reduction (2–10 kg) (125,142) only a few trials have
been conducted in children (142,143). In a six-month
randomized, double-blind placebo-control-study
(143) in 82 obese adolescents aged 13 to 17 years, there
was a 7.8 kg weight loss in the sibutramine group
compared with 3.2 kg in the placebo group six months
after discontinuation of the drug. Forty-four percent
of sibutramine patients developed tachycardia and
mild hypertension. The starting dose of sibutramine
was 5 mg/day. Patients were titrated to 10 mg/day
at week 3 and 15 mg/day at week 7. Another recent
six-month placebo-control study (23) in 60 obese ado-
lescents aged 14 to 17 years showed a decrease of 3.56
BMI units compared with 0.9 units in the placebo
group. No differences in blood pressure or heart rate
were reported.

In summary, weight loss associated with both
orlistat and sibutramine are additive to behavior
modification and lifestyle changes. True benefit versus
conventional therapy remains to be determined in
additional large long-term placebo-controlled trials.

Bariatric Surgery

Bariatric surgery is a therapeutic option in patients
with extreme obesity and significant comorbidities.
A systematic review and meta-analysis of bariatric
surgery in adults concluded that it is an effective
weight loss method for morbidly obese adults result-
ing in improvement of significant comorbidities (144).
Despite the phenomenal growth in the use of this pro-
cedure, research on this intervention continues to be
reported primarily as case series, and substantial gaps
in bariatric surgery research need be filled (145). The
procedure use, type, recurrences, readmissions rates,
and mortality—all need to be fully studied (146).

Four types of surgical procedures have been
used to change eating behavior: Jejunoileal and gastric
bypass, gastric plication, and jaw wiring. The jejunoi-
leal bypass procedures are usually followed by a large
weight loss. However, significant complications

including diarrhea, vitamin D deficiency with osteo-
malacia, vitamin B12 and folate deficiencies, renal
(oxalate) calculi, hyperuricemia, and liver disease fol-
low these procedures (147). A second procedure is the
gastric bypass, which appears to be effective in pro-
ducing weight loss without serious late
complications seen with the jejunoileal procedure
(148). Gastric plication (gastroplasty), involving a sta-
pling procedure, is also widely used. Following the
gastric bypass or gastroplasty procedure, patient’s
food intake is decreased by the sensation of fullness.
They also show less anxiety, depression, irritability,
and preoccupation with food during weight loss com-
pared with their weight-reduction attempts before the
surgical procedure (149). In controlled studies, gastric
bypass appears slightly more effective than gastro-
plasty. Although successful initially in almost all
patients, the failure rate for both procedures is high
(up to 50%) (150). The laparoscopic adjustable gastric
banding in the treatment of obesity in adults appears
to be more benign in terms of morbidity and mortality
rates. It is as effective, at least for four years, as other
procedures (151).

Clinical data show significant long-lasting
weight loss in severely overweight adults in addition
to improvement of other comorbidities including dys-
lipidemia, Type 2 diabetes mellitus, obstructive sleep
apnea (OSA), and better psychological status. The
few studies done in children (152,153) show results
very close to the ones reported in adults.

Guidelines for bariatric surgery in obese adoles-
cents were proposed by an expert panel on child and
adolescent obesity in July 2004 shown in Table 8 (154).

The two current procedures done in adolescents
are the roux-en-y gastric bypass and the adjustable
gastric banding. At the present time, this last pro-
cedure does not have FDA approval for patients less
than 18 years of age. Complications of bariatric
surgery include: macro and micronutrient malabs-
orption, iron-deficiency anemia, variable degree of
diarrhea, gastrointestinal leakage, stomach and small
bowel obstruction, dumping syndrome, cholecystitis,
pulmonary emboli and bleeding, atelectasis, and

Table 8 Guidelines and Recommendations for Bariatric Surgery in

Adolescents

Have failed greater than or equal to six months of organized attempts at

weight management, as determined by their primary care provider

Have attained or nearly attained physiologic maturity

Be very severely obese (BMI�40) with serious obesity-related comorbidities

or have a BMI of greater than or equal to 50 with less severe

comorbidities

Demonstrate commitment to comprehensive medical and psychological

evaluations both before and after surgery

Agree to avoid pregnancy for at least one year postoperatively

Be capable of and willing to adhere to nutritional guidelines postoperatively

Provide informed assent to surgical treatment

Demonstrate decisional capacity

Have a supportive family environment

Source: From Ref. 154.
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pneumonia. Weight regain has been reported in up to
15% of patients. A meta-analysis of bariatric surgery
in adults has reported an operative mortality of 1.1%
(144). The laparoscopic technique has less mortality
and complications compared to the open laparotomy
surgery.

A report on bariatric surgery in 13 obese adoles-
cents by Inge at al (155), showed significant weight
loss by 12 months postoperatively with a reduction
in BMI from 59 to 38 kg/m2 (143–103 kg) and in body
fat content from 47% to 36% by three months. A review
on a 20-year data base on bariatric surgery in 33 ado-
lescent’s aged 12 to 18 years revealed a significant
weight loss and improvement of most of the obesity-
associated comorbidities one year after the surgery
(153). Several complications were reported in this
study, including pulmonary embolism, wound infec-
tion, stomal stenoses, marginal ulcers, small bowel
obstruction, incisional hernias, and micronutrient defi-
ciencies. Five patients regained most of the lost weight
from 5 to 10 years postoperatively.

In summary, although short-term results of bar-
iatric surgery in adolescents appear to be positive,
there is a need for further research to determine the
long-term effects of this procedure in this population.
Surgical procedures of this type in this specific popu-
lation need to be done as part of clinical trials lead by
a multidisciplinary team including surgeons with
expertise and experience. The development of other
less-aggressive techniques is being actively investi-
gated in adults, such as an implantable pacemaker
that may signal the brain that the stomach is full.
However, in all instances bariatric surgery should
always be part of an obesity treatment program with
dietary, physical activity, and behavior modification.

Treatment of Comorbidities

Obesity is one of the most common chronic disorders
in childhood and there is increasing awareness of the
long-term health complications of this disease. Yet
many pediatricians do not offer treatment to obese
children in the absence of comorbid conditions (156).
Additionally, health insurance organizations are
unlikely to reimburse for treatment of obesity, unless
medical comorbidities are documented. However,
the most widely spread consequences of childhood
obesity may be psychological, social, including lower
perceived competences and self-worth (157,158).
Obese children and adolescents have impaired lower
health-related quality of life than lean counterparts,
and their quality of life may be as bad as that of newly
diagnosed cancer patients (158). Most often, either
obesity-related comorbidities or psychiatric con-
ditions are readily apparent or are responsible for
the differences in health-related quality of life. Thus
even in the absence of comorbid disease, obese chil-
dren need to have targeted interventions to improve
their health-related quality of life, before, during,
and after other medical interventions.

Obesity often presents multiple medical comor-
bidities, which are reviewed in Vol. 1; Chap. 1.
These need to be addressed and treated accordingly.
Often the therapy is primarily directed to improve
the excess weight and physical fitness of the patient
through lifestyle and behavior modification. These
treatment interventions may reduce the risk of devel-
oping complications such as diabetes mellitus (159).
The amount of weight loss and improved fitness
need not be marked to improve obesity-related
comorbidities (108). The specific treatment modalities
of the frequent comorbid conditions of obesity are
reviewed in other chapters of the book, including
diabetes (Vol. 1; Chaps. 5 and 8), insulin resistance/
dysmetabolic syndrome (Vol. 1; Chap. 11), hyperlipide-
mia (Vol. 1; Chap. 14), hypertension (Vol. 1; Chap. 13),
and polycystic ovary disease (Vol. 2; Chap. 13). Ortho-
pedic complications, including slipped capital
femoral epiphysis, and Legg-Perthes disease need to
be kept in mind (160,161).

Sleep apnea, brief periods of breathing cessation
or hypopnea, and marked reduction in tidal volume,
are common during sleep in obese patients (162).
The prevalence of OSA in children has been estimated
to be between 1% and 3% in preschool and school age
children (163). The occurrence is higher in obese sub-
jects and is related to the size of the region enclosed
by the mandible, sites of fat deposits around the phar-
ynx as well as the subject’s body weight (164,165). The
clinical presentation of OSA may include simple snor-
ing and daytime sleepiness and narcolepsy. The
severity of these symptoms is what usually deter-
mines decisions about diagnostic testing and
management (166). Only a small proportion of cases
are accurately assessed and/or diagnosed; this is
due to insufficient awareness of the sleep distur-
bances among physicians and families, though the
risk of this comorbidity is enormous (167–170). The
gold standard diagnostic test, polysomnography,
requires considerable expertise and is labor intensive
and time consuming, particularly in children. A posi-
tive clinical assessment of OSA may be associated
with negative polysomnography and may improve
with tonsillectomy and adenoidectomy (171). Once
OSA is diagnosed, continuous positive airway pres-
sure treatment may be required, though there other
methods that may be used if this treatment is not tol-
erated, i.e., mandibular-advancement appliance and
uvulopalatopharyngoplasty (172). However, weight
loss should be pursued; if this is accomplished the
need for these therapies may cease.

CONCLUSION AND FINAL CONSIDERATIONS

Obesity and the multiple comorbidities associated
with this disease have reached epidemic proportions
among children and adolescents. The development
of obesity depends on a variety of genetic, environ-
mental, and sociocultural factors. The elucidation of
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the role of leptin and multiple other hypothalamic
mechanisms involved in the regulation of food intake
and energy expenditure constitutes important dis-
coveries that may affect the treatment of obesity in
the future. The pathophysiological role of hyperinsu-
linimia and its role in the development of the long-
term complications associated with the disease may
also have an impact in the early intervention of obese
children. Early recognition of excessive weight gain in
relation to linear growth is important and should be
closely monitored by pediatricians and health care
providers. The use of BMI percentiles may also help
to identify children at risk and quantify the severity
of obesity. Prevention is critical, because effective
treatment of this disease is limited. Food management
and increased physical activity must be encouraged,
promoted, and prioritized to protect children. Dietary
practices must foster moderation and variety, with a
goal of setting the appropriate eating habits for life.
Advocacy is also needed to elicit insurance coverage
for the treatment of the disease.

A multidisciplinary approach to pediatric obes-
ity should include diet, exercise, and behavior
therapy. The modification of population lifestyle con-
ditions that support an obesogenic environment is
crucial in order to ameliorate the epidemic of pedi-
atric obesity. The advocacy of healthy eating habits
and active lifestyle by primary care providers is essen-
tial in the prevention and treatment of pediatric
overweight. Intensive therapies such as VLCD, phar-
macotherapy or bariatric surgery are an option in
selected patients but only after documented failure
of structured interventions. Long-term placebo con-
trol studies to assess the risk and benefits of
intensive therapies in children and adolescents are
still unavailable.

However, there is ample evidence that diet and
lifestyle play important roles in the development
of obesity, though the understanding of the inter-
relationship regarding health outcomes continues to
evolve. Lifestyle factors and dietary intake may be
amenable to modification as shown by the decrease
of cigarette smoking and the reduction of high fat
dietary intake over the past decades. The effectiveness
of the interventions to prevent and to treat obesity
vary, but it is clear that those who practice one or
more healthy behaviors such as increased physical
activity may make healthier choices in other healthier
behaviors. Walking may improve health outcomes
beyond weight control, it may also reduce the risk
of dementia and improve cognitive skills in later life
(173). Additionally, the concept of the ‘‘healthy’’ obes-
ity in a physically fit individual who exercises
regularly and eats a healthful diet needs to be kept
in mind. Obese individuals may enjoy psychosocial
quality of life (174) and may enjoy health with mor-
bidity and mortality rates similar to the nonobese
individual (175).

The reader is also referred to the strategic plan
for the National Institute of Health Obesity Research

and the science-based solutions to obesity that need
be considered (176), including the role of academia,
government, and industry (177). Many consumers
desire alternative treatment programs (178). Of inter-
est and worthy of consideration may be the Internet
behavioral and weight loss-related programs that are
now readily available. These need to be appropriately
tested and their effectiveness and efficacy proven,
though there are reports that adding e-mail counsel-
ing to a basic Internet weight-loss intervention
results in significant benefits (179). As we move into
the 21st century, with increased availability of Internet
facilities and with more expertise in handling such
resources by children, there may be a role for web-
based treatment programs.
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INTRODUCTION

Until the 1970s, the care and investigation of child-
hood diabetes was pursued by internists,
pediatricians, nephrologists, and general physicians.
In 1971, it was estimated that visits for diabetes by
those 0 to 15 years of age were equally divided among
internists, general physicians, and general pediatri-
cians (1). At that time, there were few pediatric
endocrinologists, virtually none in private practice,
and most of them did not consider diabetes to be an
endocrine disorder. The third, 1965, edition of what
was then the only textbook of pediatric endocrinology
devotes a short paragraph to diabetes mellitus as one
of half a dozen causes of hyperglycemia (2). By 1993,
pediatric endocrinologists accounted for 35% of all
visits of 0 to 21-year-old diabetes patients and nearly
half of these were to private practicing pediatric
endocrinologists; the remainder were 37% to inter-
nists (most likely the older adolescents and young
adults) and 28% to general pediatricians (3). In pedi-
atric endocrinology practice, diabetes now accounts
for 50% to 60% of the workload (3). The movement
of diabetology into mainstream pediatric endocrin-
ology has multiple causes beyond the clinical
importance and challenge of the problem, including
the scientific excitement about diabetes research
(and its funding!), the extensive endocrine physiol-
ogy that diabetes affects, and the inclusion of
diabetes in the accreditation requirements of training
programs and board certification for pediatric
endocrinology.

This history deserves consideration and reflection
because pediatric endocrinologists are presently
engaged in a comparable revolution in what is
considered to be within the purview of pediatric endo-
crinology. The contemporary epidemic of Type 2
diabetes (T2DM) in youth has confronted pediatric dia-
betes specialists with a major responsibility for a
condition that was previously rare in the pediatric age
group. Furthermore, pediatric endocrinologists have

had to reconsider the associated problem of obesity,
which has long been a frequent reason for referral to
the endocrine clinic, but rarely dealt with after ruling
out unusual syndromic or medical causes. This obesity
epidemic has had pediatric endocrinologists dealing
with various comorbidities of insulin resistance that
were formerly the exclusive domain of physicians treat-
ing adults. As they earlier did for Type 1 diabetes
(T1DM), pediatric diabetologists are becoming
involved in developing teams to deal with this difficult
and growing clinical challenge of obesity and T2DM.

DIAGNOSIS

The diagnosis of diabetes includes a wide variety of
diseases characterized by hyperglycemia. Because
insulin is the only physiologically important hypogly-
cemic hormone, hyperglycemia is the result of either
impaired secretion of insulin from the beta cells of
the pancreas (T1DM) or resistance to the effect of insu-
lin in the liver, muscle, and fat cells exceeding a limited
capacity of the pancreas to compensate (T2DM). Cri-
teria for the diagnosis of diabetes have recently been
revised and categories of impaired glucose tolerance
and impaired fasting glucose added, reflecting the rec-
ognition that these preclinical glucose intolerance
states are associated with increased cardiovascular
morbidity (4). The information in Table 1 is based
on the current recommendations of the American
Diabetes Association (ADA) (4). There is no reason to
apply different criteria with children and adolescents.

ETIOLOGIC CLASSIFICATION OF DIABETES

In 1997, the American Diabetes Association published
revisions of the classification of diabetes based on etiol-
ogy and these were modified in 1999 (4). Early
taxonomy had the common forms of diabetes sepa-
rated by age of onset (juvenile and maturity or adult),
which a 1979 report of the U.S. National Diabetes Data
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Group revised to emphasize treatment, using the terms
insulin-dependent and noninsulin-dependent diabetes
for the principal forms (5). Contemporary understand-
ing of the pathogenesis of various forms of diabetes has
made this classification based on treatment inappropri-
ate. Table 2 is adapted from the classification published
by the ADA expert committee (4).

Type 1 Diabetes

Diabetes occurring in childhood remains predomi-
nantly immune-mediated T1DM associated with
histocompatibility locus (HLA) specificities. Idiopathic
T1DM may be difficult to distinguish from the
immune-mediated form. Many, if not most, African-
American patients who have T1DM without evidence
of autoimmunity have what has been termed atypical
diabetes mellitus (ADM) or ‘‘flatbush’’ diabetes (6,7).
This condition has its onset throughout childhood
and rarely past age 40, and is not associated with HLA
specificities. Further characteristics are described in
Table 3. T1DM is discussed in Vol. 1; Chaps. 4, 5, and 6.

Type 2 Diabetes

T2DM in childhood and adolescence now accounts for
10% to 50% or more of new patients with diabetes in
the 10 to 19-year age group, depending on the ethnic/
racial mix of the population served (9). For the popu-
lation as a whole, adults and children, T2DM accounts
for 90% to 95% of all diabetes (4). For further infor-
mation, refer to Vol. 1; Chap. 9.

Maturity Onset Diabetes of the Young

This is a stable form of youth onset (under 25 years of
age) diabetes inherited in an autosomal dominant
fashion and affecting almost exclusively Caucasians
(Table 3). Six molecular defects have been identified,
affecting beta cell function. Its frequency among

Table 1 Criteria for the Diagnosis of Diabetes

Symptoms plus casuala plasma glucose concentration �200 mg/dL

(11 mmol/L), or

Fasting plasma glucose �126 mg/dL (7 mmol/L), or

Two-hour plasma glucose �200 mg/dL (11 mmol/L) during an OGTT. The

test should be performed using a glucose load containing the equivalent

of 75 g anhydrous glucose dissolved in water for those weighing >43 kg

and 1.75 g/kg for those weighing <43 kga

aCasual is defined as any time of day without regard to the time of the last

meal. The OGTT should be done following 2–3 days of a high carbohydrate

diet. In practice, however, obtaining a plasma glucose two hours after a

high carbohydrate breakfast may be more practical and as informative.

We only use OGTT for research purposes.

Note: In the absence of marked hyperglycemia with decompensation, these

criteria should be confirmed by repeat testing on a different day. OGTT is not

recommended for routine clinical use.

Impaired glucose tolerance ¼ two-hour plasma glucose 140–200 mg/dL.

Impaired fasting glucose ¼ 100–125 mg/dL.

Abbreviation: OGTT, oral glucose tolerance test.

Table 2 Etiologic Classification of Diabetes Mellitus

Type 1 diabetesa (b-cell destruction), usually leading to absolute insulin

deficiency

Immune mediated

Idiopathic

Type 2 diabetesa (may range from predominantly insulin resistance

with relative insulin deficiency to a predominantly secretory

defect with insulin resistance)

Other specific types

Genetic defects of b-cell function

Maturity onset diabetes of the young

Mitochondrial defects

Genetic defects in insulin action

Type A insulin resistance

Leprechaunism

Rabson-Mendenhall syndrome

Lipoatrophic diabetes

Diseases of the exocrine pancreas

Pancreatitis

Trauma/pancreatectomy

Neoplasia

Cystic fibrosis

Hemochromatosis

Fibrocalculous pancreatopathy

Endocrinopathies

Acromegaly

Cushing’s syndrome

Glucagonoma

Pheochromocytoma

Hyperthyroidism

Somatostatinoma

Aldosteronoma

Drug- or chemical-induced

Vacor

Pentamidine

Nicotinic acid

Glucocorticoids

Thyroid hormone

Diazoxide

b-adrenergic agonists

Thiazides

Dilantin

a-interferon

Atypical antipsychotics

Infections

Congenital rubella

Cytomegalovirus

Uncommon forms of immune-mediated diabetes

‘‘Stiff-man’’ syndrome

Anti-insulin receptor antibodies

Other genetic syndromes sometimes associated with diabetes

Down syndrome

Klinefelter syndrome

Turner syndrome

Wolfram syndrome

Friedreich ataxia

Huntington chorea

Laurence-Moon-Biedl syndrome

Myotonic dystrophy

Porphyria

Prader-Willi syndrome

Gestational diabetes mellitus

aPatients with any form of diabetes may require insulin treatment at some

stage of their disease. Such use of insulin does not, of itself, classify the

patient.
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diabetes patients is reported to vary from <0.2% to
5% in various populations (10). The genetic forms of
diabetes are reviewed in Vol. 1; Chap. 10.

Mitochondrial Mutations

Diabetes and deafness may be associated as a result of
mutations in mitochondrial DNA (11–13).

Genetic Defects in Insulin Action

Genetically determined abnormalities of insulin action
are very rare as a cause of diabetes, ranging from
mild hyperinsulinemia with modest hyperglycemia
to severe diabetes (14). The structure and function of
the insulin receptor are intact in the insulin resistance
of lipoatrophic diabetes, indicating that the defect lies
in postreceptor transduction (15).

Diseases of the Exocrine Pancreas

Diffuse injury to the pancreas needs to be relatively
extensive to result in diabetes because of the small
volume occupied by the beta cells, with the exception
of carcinoma involving the pancreas, a problem not
seen in pediatrics. With improved survival, increasing
numbers of patients with cystic fibrosis are develop-
ing diabetes (16).

Endocrinopathies

Diabetes has been described in adults with hormone
excess syndromes including acromegaly, Cushing syn-
drome, glucagonoma, and pheochromocytoma (17).
There has been recent concern about the use of phar-
macologic doses of growth hormone in children who
do not have growth hormone deficiency, which may
be increasing the risk for Type 2 diabetes (18,19).

Drug or Chemical-Induced Diabetes

A large number of drugs used in pediatric care can
impair insulin secretion, increase gluconeogenesis, or

increase insulin resistance, resulting in hyperglycemia
or the precipitation of diabetes in a susceptible individ-
ual (20,21). The rat poison, Vacor, and pentamidine
given intravenously, can permanently destroy beta
cells (22–25). The class of atypical antipsychotic drugs
(clozapine, olanzapine, quetiapine, and risperidone)
has been associated with precipitation of diabetes and
ketoacidosis, often with clearing of the diabetes on
cessation of the drug (26). Exact mechanisms are
uncertain, but beta cell toxicity and weight gain with
insulin resistance have been implicated. Other drugs
can impair insulin action, probably the most common
being glucocorticoids (20,21).

Infections

Numerous viruses have been implicated in the induc-
tion of diabetes, but the strongest evidence of a direct
causation comes from the experience with congenital
rubella (27), fortunately now rarely seen.

CLASSIFICATION OF DIABETES IN CHILDHOOD

Table 3 describes the characteristic features of the
common types of diabetes seen in childhood and
Table 4 summarizes clinical characteristics helpful
in distinguishing T1DM and T2DM in children and
adolescents.

In those with acute onset who are not obese and
not African-Americans, T1DM is highly likely and
further testing is not necessary. Nonobese African-
American youngsters with acute onset diabetes who
have a three-generation family history of diabetes
indicative of autosomal dominant transmission and
do not have islet autoimmunity markers are very
likely to have ADM. Islet cell autoimmunity testing
should be considered in obese patients having acute
onset; if this is not practical or if the patient has
acanthosis nigricans, the ability to reduce and stop

Table 3 Classification of the Types of Diabetes Seen in Children

Type 1 ADM

Maturity onset diabetes

of the young Type 2

Age at onset Throughout childhood Pubertal Pubertal Pubertal

Predominant race or ethnic

distribution

All (low frequency in Asians) African-American Caucasian Hispanic, African-American,

Native-American

Onset Acute, severe Acute, severe Subtle Subtle to severe

Islet autoimmunity Present Absent Absent Unusual

Insulin secretion Very low Moderately low Variable Variable

Insulin sensitivity Normal (with blood glucose control) Normal Normal Decreased

Ketosis, DKA at onset Up to 40% Common Rare Up to 33%
Obesity As in population As in population Uncommon >90%
Proportion of diabetes �70–80%a <10% <5% 20–25%a

Percentage of probands with

affected 1� relative

5–10% >75% 100% �80%

Mode of inheritance Non-Mendelian, generally sporadic Autosomal dominant Autosomal, dominant Non-Mendelian, strongly

familial

aThe proportion of pediatric diabetes patients having Type 2 diabetes will vary with racial/ethnic mix of the population and it is increasing.

Abbreviation: ADM, atypical diabetes mellitus.

Source: From Ref. 8.
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the acutely required insulin over the first several
months with weight reduction, exercise, and oral
hypoglycemic therapy as necessary, will clarify the
diagnosis.

With insidious onset, obese individuals can be
considered to have T2DM. If the patient is lean, islet
autoantibody testing will be helpful and, if positive,
indicate early detection of T1DM. Absence of islet cell
autoimmunity in the lean individual may indicate
MODY, in which case testing of family members will
be productive; the pattern of autosomal dominant
transmission may not emerge unless apparently unaf-
fected family members are tested. Fasting C-peptide
or insulin measurements may be of value, with ele-
vated levels indicative of T2DM; repeated testing
after one year or more may be needed for those who
have normal results. One can assume that an individ-
ual with persistent normal C-peptide levels can be
treated as T2DM, regardless of the presence or
absence of diabetes-related autoimmunity.

A study of 700 newly diagnosed 5 to 19-year-old
patients from three university centers in Florida over
a five-year period indicated that 3% of those initially
classified as T1DM (17 out of 605) were later classified
as T2DM and that 8% of those initially diagnosed as
T2DM were subsequently reclassified as having

T1DM (6 out of 77) (28). Most of the 17 originally
considered to have T1DM and later determined to
have T2DM were diagnosed with ketosis or in ketoa-
cidosis. Those six individuals with an initial diagnosis
of T2DM who were subsequently considered to have
T1DM were, typically, overweight youngsters without
diabetes-related antibodies; however, over the next
few years they had a clinical course most consistent
with T1DM. In this relatively sophisticated clinical
setting, the proportion of patients in whom classi-
fication may be problematic was less than 5% of
newly diagnosed children and youth.

The distinctions indicated by the typical features
in Tables 3 and 4 are not always as certain as one
would like. There are a number of reasons for classi-
fication difficulty. With the increased frequency of
obesity in childhood, a substantial number of newly
diagnosed T1DM and ADM patients will be obese,
suggesting the possibility of T2DM. Insulin or C-pep-
tide measurements at the onset of diabetes may not be
helpful because there may be reasonable beta cell
function during the recovery phase ("honeymoon")
of autoimmune diabetes and, conversely, glucose tox-
icity/lipotoxicity in nonautoimmune diabetes will
impair insulin secretion at the time of testing. Because
some T2DM patients and almost all ADM have

Table 4 Differentiating Type 1 from Type 2 Diabetes in Children and Adolescents

Demographics Type l Type 2 Comment

Family history 3–5% 74–100% Extensive family history suggests T2; T2 affects minorities

disproportionately

Age or pubertal status Variable > 10 or pubertala Type 1 can occur at any age; only 10% of Type 2 children are

younger than 10 or prepubertal

Gender Female ¼ male Female > male Some gender difference in T2 may reflect differences in use of

medical care

Presentation
Asymptomatic Rare Common Type 2 often detected incidentally on routine physical examination

Symptom duration Days or weeks Weeks or months Predominant symptoms are polyuria, polydipsia, polyphagia, and

nocturia

Weight loss Common Common Type 2 children lose more pounds; Type 1 usually lose greater %
body weight

HHSb Very rare Occurs Type 2 can develop severe, fatal dehydration and electrolyte

disturbance

Physical findings
Body mass index (BMI) at

diagnosis

�75 percentile �85 percentile Those with BMI 75–85th percentile often present greatest

diagnostic challenge

Acanthosis No Common Useful marker in hyperglycemic child

Biochemistry at diagnosis
Hyperglycemia Variable Variable Degree of hyperglycemia at diagnosis is not useful in delineating

diabetes type

Ketosis and ketonuria Common Common Not useful for diagnosis of diabetes type

Acidosis Common Moderately common Not useful for diagnosis of diabetes type

Other markers
HbA Elevated Elevated Not useful for diagnosis of diabetes type

Insulin or C-peptide/serum Low (may be normal early) Normal-high Hyperinsulinism reflects insulin resistance

Low levels may be found in T2 at diagnosis; repeat 3–6 mo after

diagnosis may be elevated

Autoimmune markers Common Uncommon Includes anti-islet cell and anti-GAD

Antibodies; absence does not rule out T1

aOccasionally in 8–10-year-old group and as young as 4 yr.

Abbreviation: HHS, hyperglycemic hyperosmolar state.

Source: Adapted from Hale DE: Type 2 diabetes: an increasing pediatric problem (unpublished).

60 Rosenbloom



ketoacidosis, this feature is not helpful to distinguish
non-T1DM from T1DM.

There are also some classification difficulties that
suggest that there will be further refinement of dia-
betes classification in years to come and that the
contemporary distinction between two major forms
of diabetes, T1DM and T2DM, will come to be seen
as simplistic. Challenges to the concept of two main
and distinct forms of diabetes have accumulated for
the last 40 years. There was little diabetes among
Yemenite immigrants to Israel, but 25 years later they
had a 40-fold increase in the frequency of diabetes
with proportions of insulin dependency similar to
that among Israelis of European origin, suggesting
common environmental influences, most likely
nutritional, for both T1DM and T2DM (29). The speci-
ficity of a family history of T2DM is low because of
the high frequency of this disorder in the general
population, particularly in minority populations. Fur-
thermore, a family history of T2DM is three times as
common with T1DM as in the general population
and, conversely, T1DM is more frequent in the rela-
tives of patients with T2DM (30,31). Genetic
interaction between T1DM and T2DM is further sug-
gested by HLA haplotype interaction in families
with both T1DM and T2DM (32). The finding of islet
autoimmunity markers at onset in substantial percen-
tages of children with typical T2DM unrelated to
degree of obesity or treatment requirement has been
a further assault on the notion of immune-mediated
diabetes as a distinct and uniform clinical and patho-
logic entity (33–35).

While the investigators sort out the uncertainties
in our classification of diabetes, the clinician has the
advantage of dealing with the individual patient
whose treatment should always be determined by
individual characteristics, rather than absolute diag-
nostic classification.
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TYPE 1 DIABETES MELLITUS

Type 1 diabetes mellitus (T1DM) is a heterogeneous
disorder characterized by autoimmune-mediated
destruction of pancreatic beta cells culminating in
absolute insulin deficiency. T1DM is most commonly
diagnosed in children and adolescents and requires
exogenous insulin replacement. Terms such as ‘‘juve-
nile diabetes’’ and ‘‘insulin-dependent diabetes’’
have been replaced as they no longer adequately
reflect our understanding of the natural history and
pathophysiology of T1DM. This chapter provides a
review of our current understanding of the epide-
miology, etiology, presentation, and complications
of T1DM.

EPIDEMIOLOGY

The past 30 years have seen a rapid increase in
knowledge of the epidemiologic patterns and nat-
ural history of T1DM, knowledge that was
anticipated to provide insight into the critical envi-
ronmental contribution to the development of this
disease and direction for potential cure (1). While
this information has heightened understanding of
T1DM, we have yet to develop an intervention
to prevent T1DM or to identify the environmental
triggers.

The Multi-National Project for Childhood Dia-
betes (Diabetes Mondiale) study was initiated by
the World Health Organization in 1990 to investigate
and monitor the patterns of incidence of T1DM (2).
This remarkable study encompassed surveillance of
4.5% of the world’s population 14 years of age and
under, representing probably the largest standar-
dized survey for any disease (3). From 1990 to
1994, nearly 20,000 cases of T1DM in children less
than or equal to 14 years were diagnosed in the 75
million sample population and annual incidence
rates were calculated per 100,000. The terminology
used in discussing the epidemiology of T1DM
includes the standard definitions of incidence,

prevalence, frequency, and epidemic (4). There was
greater than a 350-fold variation in incidence among
the 100 populations studied, from 0.1/100,000 per
year in China and Venezuela to 36.8 in Sardinia
and 36.5 in Finland. Very high incidence, considered
equal to or greater than 20, was also found in Swe-
den, Norway, Portugal, United Kingdom, Canada,
and New Zealand (Fig. 1).

Wide variation in incidence has been seen
between neighboring areas in Europe and North Amer-
ica. For example, across the eastern border of Finland
and Russia there is a sixfold gradient in the incidence
of T1DM between areas in geographic proximity
despite equal frequencies of high-risk and low-risk
genotypes (5). In the Americas, Alberta and Prince
Edward Island, across the continent from each other,
have comparable annual incidence rates of 24 and
24.5, whereas U.S. rates vary from 11.7 in Chicago
to 17.8 in Pennsylvania. While the rate in Puerto Rico,
17.4, is virtually identical to that in Pennsylvania, the
rate in neighboring and ethnically similar Cuba is only
2.9 (3). The overall incidence of T1DM in the United
States is estimated to be between 15 and 17 while the
prevalence in U.S. children is 1.7 to 2.5/1000 (3). More
than 13,000 U.S. children are diagnosed with T1DM
each year (6).

Migrant populations provide an interesting
perspective on environmental contributions to the
development of T1DM. A number of observations
have indicated that susceptibility is affected by
environmental change. Israeli children living in
Canada have a fourfold greater incidence than those
in Israel (3). Where T1DM in the Indian population
is very low, Indian children migrating to England
from South Africa developed incidence rates com-
parable with those of English children in the
community (7). Japanese living in Hawaii are five
times more likely to have T1DM than those in Japan,
a country with a very low incidence of T1DM. Eth-
nic French and Italian children in Montreal have
twice the incidence of diabetes as those in their
native lands (8–10).



There is considerable evidence for an increasing
frequency of T1DM, a further profound argument for
environmental influences. While many autoimmune
diseases disproportionately affect women, T1DM
generally affects males and females equally, although
some reports indicate a slight male excess among
those younger than 20 years (11,12). The temporal
trend has been noted in steadily increasing incidence
rates in European countries since the 1950s (13–15).
France saw a 4.9% rise in incidence between 1980
and 1998 (16). From 1983 through 2000 Sweden
reported a 2.2% annual increase in incidence
while Lithuania reported a 2.3% annual rise in inci-
dence (17).

Epidemics have been described outside Europe,
one striking report being a single year nearly sixfold
increase in the Virgin Islands in 1984 (18). There is
also evidence that the average age of onset of dia-
betes is decreasing (19,20). Consistent with the
occasional observation of an epidemic increase in
T1DM, modest seasonality has been documented,
with a peak in winter months and a summertime
dip (14,21,22).

ETIOLOGY AND PREVENTION

Over the past 30 years, the combined use of genetic,
autoimmune, and metabolic markers has dramatically
improved the ability to predict the development of
T1DM. Current understanding of T1DM pathogenesis
is that T1DM develops in genetically predisposed
individuals who are exposed to an environmental
trigger which initiates autoimmune destruction of
beta cells via autoreactive T cells (1). Beta-cell injury
results in the release of antigens not previously seen
by the immune system resulting in production of anti-
bodies to these antigens. Autoantibodies are not
themselves pathogenic but instead indicate altered
cellular proteins resulting from the inflammatory

process of autoimmunity. The appearance of insulin
autoantibodies (IAA), islet cell antibodies (ICA), glu-
tamic acid decarboxylase (GAD65) antibodies, and
antibodies to tyrosine phosphatase (IA-2 or ICA512)
indicate ongoing autoimmune disease and these anti-
bodies may be present in the serum for many years
before the development of overt diabetes. GAD65 anti-
bodies are present in 75% of newly diagnosed
diabetes patients (23) and IA-2 are present in 50% to
60% of patients at diabetes onset (24). The number
of types of autoantibodies and their titers are indepen-
dent predictors of T1DM risk. ICA titers of greater
than 40 Juvenile Diabetes Foundation units convey a
60% to 70% risk of developing diabetes over five to
seven years (25). ICA at a young age denote a much
greater risk than in older subjects. The presence of
ICA in the first few years of life conveys a 10-year risk
of developing diabetes of nearly 90%, whereas a 40-
year-old found to be ICA positive has a 30% 10-year
risk. After 10 years of overt diabetes, fewer than 5%
of patients have detectable ICA. Although IAA may
be the first autoantibodies to appear in the develop-
ment of T1DM, they are not by themselves strong
predictors of developing T1DM. When IAA are found
in combination with other autoantibodies, however,
the risk for T1DM increases significantly. In the large
NIH funded Diabetes Prevention Trial-Type 1 (DPT-
1) five-year risk of T1DM was 20% to 25% for subjects
with one autoantibody marker, 50% to 60% for sub-
jects with two markers, nearly 70% for those with
three markers, and almost 80% for those with four
autoantibody markers (Table 1) (26). As the autoim-
mune process continues, there is gradual loss of
beta-cell mass with the first demonstrable abnormal-
ity being loss of first-phase insulin response (FPIR)
during intravenous glucose tolerance testing (IVGTT).
This is followed by abnormal oral glucose tolerance
testing and finally, overt diabetes (Fig. 2) (1,24,27).

The presence of immune markers before the onset
of diabetes has permitted development of prediction
models to determine who is at risk for developing dis-
ease. The immunoassays (GAD65, IA-2) are more easily
applied for large-scale use than previous assays for
islet-cell autoimmunity, have a high predictive value
for T1DM, and are more reproducible than ICA assays.
Using models based on antibody characteristics, auto-
antibody-positive relatives of T1DM subjects can be
classified into groups with risks of diabetes ranging
from 5% to 90% within five years (28). Other risk factors
include young age, absolute number of autoantibodies,

Table 1 Autoantibody Number and Five-Year Risk of Diabetes

Number of

autoantibodies

Five-year risk of

developing diabetes (%)

0 0.2

1 20

2 50

3 70

4 80

Figure 1 Incidence of Type 1 diabetes mellitus in children. Incidence per

100,000 age-adjusted varies greatly from country to country even in the

same geographic region.
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high titer antibodies, low FPIR to IVGTT, and high-risk
human leukocyte antigen (HLA) genotypes (DR3/4,
DQB0302/DQB0201) (Table 2) (29,30). The persistent
loss of FPIR to IVGTT predicts progression to overt dia-
betes over the next five years in greater than 85% (31).

While autoantibody testing has fostered the
development of accurate T1DM prediction models,
standard autoantibody testing of all newly diagnosed
patients is not recommended, except when there is
difficulty differentiating new onset T1DM from Type 2
diabetes or when patients are being screened for
enrollment in intervention studies. For patients not
being seen at a research institution, we recommend
having diabetes-related autoantibody studies sent to
an experienced reference laboratory.

Environmental Triggers

The importance of environmental factors in the initia-
tion of the autoimmune response that ultimately
results in diabetes is suggested by the observations
that only 30% of identical monozygotic twins are con-
cordant for T1DM (32) and that the incidence of
diabetes is rising, with a decrease in mean age of
onset, despite a stable genetic pool (3,17,20). Many
factors have been linked to increased risk of diabetes,
including congenital rubella infection (33), enteroviral
infection (34,35), lack of exposure to early infection

(the ‘‘farm’’ hypothesis) (36), and even vitamin D
deficiency (37). In addition, some environmental
factors, such as vaccination, have been implicated by
concerned parents despite the overwhelming evi-
dence that standard vaccination does not increase
risk for T1DM (38). Many other agents have been
implicated, but only those figuring in preventive trials
will be discussed in detail.

Cow’s Milk

A triggering effect of cow’s milk has been proposed,
based on molecular mimicry due to the structural
similarity of a 17-amino acid fragment (ABBOS) of
bovine serum albumin to an islet antigen (ICA 69).
Although Karjalainen et al. found antibodies to
bovine serum albumin in children with new-onset
diabetes, but not controls (39), the Diabetes Auto-
immunity Study of the Young (DAISY) found no
association between islet autoimmunity and early
cow’s milk exposure (40). The Trial to Reduce Type
1 diabetes mellitus in the Genetically at Risk (TRIGR)
was designed to test the hypothesis that avoidance of
nutritional cow’s milk proteins for at least the first six
months of life would reduce diabetes in the high-risk
population. Smaller pilot studies in Finland have
demonstrated significant decreases in islet autoimmu-
nity in those children who avoided cow’s milk (41).
Nearly 2400 infants will be enrolled in TRIGR. Infants
with high-risk HLA genotypes DQB10302 and/or
DQB10201 and who are negative for the protective
genotypes DQB10602, 0603, or 030 are eligible.
Mothers are encouraged to breast feed. The interven-
tion group receives a casein hydrolysate formula after
full breast feeding, whereas the control group receives
a cow’s milk-containing formula. The intervention
group is advised to avoid beef and cow’s milk pro-
ducts in the diet. At the two-year observation point,
IA-2, GAD65, and ICA titers were measured in 173 chil-
dren. Three of 84 children (3.6%) in the casein
hydrolysate intervention group developed at least
one autoimmune marker compared with 10 of 89
(11.2%) in the control group (p¼ 0.056) (42). TRIGR’s
10-year prospective trial is not yet complete. As the
final analysis of the cow’s milk hypothesis remains
incomplete, we do not advise parents to make any die-
tary changes in attempts to decrease diabetes risk.
Because of the many other well demonstrated benefits
of breast feeding, we advise all new mothers to breast
feed, as recommended by the American Academy of
Pediatrics.

Viral Agents/Vaccines

Studies from Sweden and Finland found more fre-
quent immunoglobulin (Ig)M antibodies to enterovirus
in pregnant women whose children subsequently
developed diabetes than in control women (43,44).
Molecular mimicry between the P2-D protein of
coxsackie virus and the GAD protein make this an

Figure 2 Modern model of the pathogenesis and natural history of Type 1

diabetes. The modern model expands and updates the traditional model by

inclusion of information gained through an improved understanding of the

roles for genetics, immunology, and environment in the natural history of

Type 1 diabetes. Abbreviations: FPIR, first-phase insulin response; IVGTT,

intravenous glucose tolerance test, IAA, insulin autoantibodies; ICA, islet

cell autoantibodies; ICA 512, autoantibodies against the islet tyrosine phos-

phatase; GAD, glutamic acid decarboxylase. Source: Adapted from Ref. 27.

Table 2 Absolute Risk for Type 1 Diabetes Mellitus According to

DR/DQ Genotypes

DR/DQ Risk

First-degree

relative Population

DR 3/4, DQ 0201/0302 Very high 1/4–5 1/15

DR 4/4, DQ 0300/0302 High 1/6 1/20

DR 3/3, DQ 0201/0201 High 1/10 1/45

DR4/x, DQ 0302/x (x6¼0602) Moderate 1/15 1/60

X/X Low 1/125 1/600

DR0403 or DQ0602 Protected 1/15,000 1/15,000
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attractive hypothesis. Other viruses implicated have
been chickenpox, mumps, measles, enteric cytopathic
human orphan, rotavirus, and rubella (in utero infec-
tion) (43,45). In fact, nearly 20% of children with
congenital rubella infection are ICA-positive (33).
Immunization, specifically for diptheria-pertussis-
tetanus and hemophilus influenza, has also been
implicated in the increased incidence of T1DM (46).
Such a relationship has not been substantiated in
recent large studies (38,47).

PANDA and TEDDY

Despite growing understanding of the natural history
of T1DM, knowledge of the complex interplay
between environment and genetics is limited. The
Pediatric Assessment of Newborns for Diabetes Auto-
immunity (PANDA) study is a pilot effort in which
HLA typing is done from filter paper blood spots
along with the neonatal screening laboratory work
(48). Those babies with high-risk HLA haplotypes
(DR3 and DR4, DQA0302/501, and DQB0301,0201)
have blood specimens taken for ICA studies. Families
keep records of foods eaten, immunizations, and ill-
nesses, and the subjects are tested for islet
autoantibodies every six months in the initial couple
of years and then annually. Correlations of the appear-
ance of islet autoimmunity with history of
environmental exposure may help identify the envi-
ronmental factors that trigger the autoimmune
cascade and permit specific preventive intervention.

On a larger scale, The Environmental Determi-
nants of Diabetes in Youth (TEDDY) consortium of
six international centers (four in the United States
and two in Europe) seeks to identify the infectious
agents, dietary factors, and other environmental fac-
tors associated with T1DM in genetically susceptible
people (49,50). We strongly encourage all pregnant
women to have their newborns screened for participa-
tion in studies such as TEDDY. The ability of
observational studies to provide new information on
the pathogenesis of T1DM depends on the continued
involvement of dedicated study participants.

Intervention Trials

As the ability to predict diabetes has increased, inter-
vention trials have moved from treating new-onset
patients to targeting those at high risk of developing
T1DM. One of the major impediments to effective
intervention trials has been that as prediction accu-
racy improves the potential for effective intervention
declines (Fig. 3). Early studies were aimed at treatment
of newly diagnosed patients with immunosuppres-
sive agents, while more recent studies attempted to
prevent the disease in high-risk individuals. Because
of the lack of adequate efficacy to justify the potential
toxicities of the immunosuppressive agents used,
efforts were made to design trials using safer
agents and to initiate treatment at an earlier stage of
the disease.

Cyclosporine

In the 1980s, cyclosporine administration to newly
diagnosed patients increased the frequency and
duration of clinical remission, as determined by resi-
dual C-peptide secretion. Unfortunately, the
remission was not long-lived and the effect was lost
when the cyclosporine was stopped (51). Reports of
cyclosporine-induced nephrotoxicity led to cessation
of its use (52).

Azathioprine

Azathioprine given to newly diagnosed patients
resulted in increases in C-peptide levels that were
short-lived despite continued use of the immunosup-
pressive agent. Predictors of success with these agents
were older age, lack of ketoacidosis at diagnosis, early
initiation of treatment, and higher C-peptide levels at
diabetes onset (53).

High-Dose Insulin

Treatment of new-onset patients with high-dose
insulin using the Biostator, a device which measured
venous blood-glucose every few minutes and
provided intravenous insulin to maintain normogly-
cemia, proved as effective as azathioprine in
preserving beta-cell function. Nevertheless, as with
the immunosuppressive agents, the results were tran-
sient (54).

Figure 3 The ‘‘treatment dilemma’’ for Type 1 diabetes. Many studies

from animal models of Type 1 diabetes in combination with a much more

limited series of investigations in human beings suggest that early interven-

tion not only is more effective in terms of disease prevention, but also often

requires more benign forms of therapy. In contrast, the ability to identify an

individual who will truly develop Type 1 diabetes (among an at-risk popula-

tion) increases as the individual approaches onset of overt disease. Source:

Adapted from Ref. 27.
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Nicotinamide

Nicotinamide is a free radical scavenger that
interferes with the autoimmune destruction of beta
cells primarily by acting as an antioxidant. Nicotina-
mide therapy restores cellular NADþ levels, helps
to prevent damage from inflammatory macrophages,
and promotes increased beta-cell regenerative capa-
city (55,56). Nicotinamide prevented diabetes in
animal models. Because nicotinamide is a safe drug,
the initial positive results in animal models and
population-based studies made it an attractive candi-
date for DPTs.

Nicotinamide decreased the incidence of T1DM
by 41% in a study done in 80,000 five- to seven-
year-old New Zealand school children (57,58). Among
the 20,000 children who were tested for ICA, 185 were
positive and 173 of them accepted treatment with
nicotinamide for upwards of seven years; the inci-
dence of T1DM in the treated group was
approximately 7/100,000, significantly lower than
the 16 to 18/100,000 per year incidence in the back-
ground population. These findings led to the
initiation of a large European multicenter study,
the European Nicotinamide Diabetes Intervention Trial.
This trial was a double-blind placebo-controlled
study enrolling first-degree relatives who were ICA-
positive. Enrollment began in 1994 and was completed
in 1998. Among 50,000 first-degree relatives of chil-
dren with T1DM, 552 had ICA with normal oral
glucose testing. The final analysis showed that nicoti-
namide was ineffective in decreasing the incidence of
T1DM (59).

Oral and Subcutaneous Insulin—DPT-1

Initiated in 1994, the DPT-1 was designed to determine
if antigen-based therapy could prevent diabetes in
at-risk individuals. Insulin was used as the antigen,
based on studies showing that low-dose parenteral
insulin given to ICA-positive relatives with low FPIR
resulted in reduced development of diabetes com-
pared with controls who refused insulin prophylaxis
(60). In the DPT-1, patients with ICA were considered
high risk if they had low FPIR to IVGTT (> 50% risk
of developing diabetes over five years) and were ran-
domized to receive low-dose subcutaneous insulin or
to receive no intervention. Subjects with ICA and nor-
mal FPIR were assigned to the intermediate risk
group (25–50% chance of developing diabetes over
five years) and were randomly assigned to receive
oral insulin or placebo. Unfortunately, the study
revealed no differences in development of diabetes
between the high-risk insulin-treated group and
controls (61). Although DPT-1 was unsuccess-
ful in preventing T1DM, the undertaking resulted in
the formation of an integrated network with core
laboratories providing standardized testing and a
centralized data/statistical center, which has pro-
vided the framework for future multicenter
intervention trials.

TrialNet

The most recent prevention/intervention development
is the creation of the multicenter cooperative group
known as TrialNet. This collaborative network is similar
to the childhood cancer cooperative groups and will
enable the undertaking of multiple pilot studies invol-
ving primary and secondary prevention strategies in
different population groups at different stages of the dis-
ease process. These studies will not only ascertain the
efficacy of intervention, but also should lead to greater
insight into the pathogenesis of the disease. For exam-
ple, while DPT-1 was not powered to perform certain
subgroup analyzes, there was a suggestion that subjects
in the oral insulin arm with the highest IAA titers bene-
fited from therapy (62). Through TrialNet a new
adequately powered study is being initiated to deter-
mine if the original observation from DPT-1 is valid.
We recommend considering all eligible patients for par-
ticipation in TrialNet sponsored studies. However,
careful consideration must be given to the patient’s like-
lihood to complete the study and comply with the study
requirements. Patients with a history of poor compli-
ance or in unstable social situations often are unwilling
or unable to fully participate in intervention studies.

Trial to Reduce Insulin-Dependent Diabetes Mellitus
in the Genetically at Risk

As previously discussed, the TRIGR study seeks to
determine whether genetically at-risk infants who
are not exposed to cow’s milk for the first six months
of life will be protected from the subsequent develop-
ment of diabetes (63).

CLINICAL PICTURE

T1DM is usually diagnosed in a child with polydipsia
and polyuria. In children, the third member of the clas-
sic diabetes triad, polyphagia, is often absent because
ketosis can cause anorexia. The symptoms of diabetes
are related to prolonged hyperglycemia. When blood-
glucose concentrations exceed the renal threshold for
reabsorption (~180 mg/dL), there is osmotic diuresis
and glycosuria. Decreasing glucose uptake, hepatic
gluconegenesis from muscle proteolysis, lipolysis,
and chronic glycosuria result in weight loss and dehy-
dration. Eventually, insulin deficiency, dehydration,
and ketosis will progress to diabetic ketoacidosis
(DKA) which is the manner of presentation for 20%
to 40% of all newly diagnosed T1DM (64). Clinical fea-
tures of DKA are listed in Chapter 8. Asymptomatic
diabetes may be diagnosed by families or physicians
if the children are involved in diabetes research studies
or have other family members with T1DM.

T1DM is usually diagnosed in the outpatient set-
ting when a slightly ill-appearing child is brought to
the pediatrician for evaluation of weight loss and
other nonspecific symptoms. The dehydration asso-
ciated with polyuria may result in nonspecific
symptoms of constipation, headache, and abdominal
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pain, often interpreted as a viral syndrome, or gastro-
enteritis if there is vomiting. Children who are
vomiting but do not have diarrhea and are maintain-
ing high urine output despite dehydration may have
T1DM. Other causes for this combination of symp-
toms are rare (adrenal insufficiency, renal disease).
In addition, enuresis in a previously toilet-trained
child, nocturia, pyogenic skin infections, recurrent
Candida diaper rash in babies and toddlers, and
monilial vaginitis in teen-age girls also require consid-
eration of diabetes.

Children in whom diabetes must be considered
may, for practical purposes, be divided into three general
categories: (i) those who have typical signs and symp-
toms of diabetes—polyuria, polydipsia, and weight
loss; (ii) those who have glycosuria, without hyperglyce-
mia, and (iii) those with transient hyperglycemia.

Renal glycosuria may be an isolated congenital
disorder, a feature of the Fanconi syndrome and other
renal tubular disorders, due to severe heavy metal
intoxication, ingestion of certain drugs (e.g., outdated
tetracycline), or result from inborn errors of metabo-
lism such as cystinosis. When vomiting, diarrhea, or
inadequate intake of food occurs in any of these condi-
tions, starvation ketosis may ensue and simulate DKA.
The absence of hyperglycemia eliminates the possibi-
lity of diabetes. Stress of illness, especially in the toddler
age group, may be associated with glycosuria and
moderate hyperglycemia. Blood glucose levels usually
do not exceed 300–400 mg/dL (17–20 mmol/L), but
values over 500 mg/dL (> 27 mmol/L) have been
reported (65). This usually occurs in the context of
acute asthma exacerbation or during a hospital admis-
sion for severe infection or other serious illness. The
hyperglycemia is usually transient and blood glucose
levels normalize with resolution of illness. A similar
clinical picture can be seen with glucocorticoid admin-
istration (66,67). The presence of ICA, IA-2, IAA, or
GAD antibodies in those with stress or glucocorti-
coid-induced hyperglycemia may indicate limited
beta-cell reserve and risk for future development of
diabetes (24). Thus, autoantibodies against islet anti-
gens should be measured in all instances of stress
hyperglycemia. For a complete discussion of T1DM
management in children, see Chapter 6.

COMPLICATIONS

The Diabetes Care and Complications Trial (DCCT)
and the longitudinal follow-up of DCCT patients,
the Epidemiology of Diabetes Interventions and Com-
plications (EDIC) study, unequivocally demonstrated
that tight glycemic control is critical in reducing both
microvascular and macrovascular complications of
diabetes (68). Insulin replacement makes it possible
for the child with diabetes to attain a level of meta-
bolic control that permits normal day-to-day
functioning in school, play, and at home, with only
occasional episodes of mild to moderate hypoglycemia
and avoidance of ketoacidosis, despite high average

blood sugar concentrations. Awareness that this
was the typical situation was limited until the devel-
opment of self-monitoring of blood-glucose (SBGM)
and measurement of glycohemoglobin (69,70).
SBMG, HbA1c measurements, and the improvement
in insulins and delivery systems have made it possi-
ble to attain a level of glucose control that will
reduce the risk of long-term complications. The abil-
ity to normalize blood-glucose is now limited only
by the frequency and severity of hypoglycemia
(71). The contemporary goals of treatment of T1DM
in children, therefore, include the traditional mainte-
nance of a reasonably normal lifestyle and avoidance
of the acute complications (see Chapter 6), but with
the addition of the attainment of near-normal glyce-
mia to reduce the risk of the long-term complications
involving both microvascular and macrovascular dis-
ease. Microvascular disease is responsible for
retinopathy, nephropathy, and neuropathy. Macro-
vascular complications affecting coronary, carotid,
and other major vessels are increasingly recognized
as beginning during childhood. Of particular interest
in children have been joint and skin complications,
and the effects on growth and development.

Joint Problems

Limited joint mobility (LJM) is one of the earliest clini-
cally apparent long-term complications of T1DM in
childhood and, following its initial description in
1974, was recognized to be a common feature of both
Type 1 and Type 2 diabetes (72,73). LJM was described
as bilateral painless, but obvious, contracture of the
finger joints and large joints, with thick tight waxy
skin, and short stature in three older teenagers with
long-standing diabetes and early microvascular com-
plications (72). Milder expression was subsequently
recognized as affecting approximately 30% of young-
sters with diabetes, a third of whom had involvement
of more than two fingers or one finger and one large
joint bilaterally (74). Variation in prevalence among
various reports is related to the examination techni-
que, the criteria, the age of the patients, and
duration of diabetes. In older adult patients, examina-
tion is confounded by the presence of finger
contracture related to age, occupation, and other pro-
blems affecting the joints more commonly in those
with diabetes, such as Dupuytren disease, flexor teno-
synovitis, or carpal tunnel syndrome (71).

The limitation in LJM is painless and only mildly
disabling when severe. A simple examination method
is to have the patient attempt to approximate palmar
surfaces of the interphalangeal joints (Fig. 4). Passive
examination is essential to confirm that inability to
do so is due to LJM. Attained age seems more impor-
tant than duration of diabetes or age of onset of
diabetes in the evolution of LJM. With rare exception,
LJM appears after the age of 10 years. The biochemical
basis for LJM is likely glycation of protein with the
formation of advanced glycation end products
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(AGE). This results in increased stiffness of the periar-
ticular and skin collagen with decreased range of
motion.

As might be expected, the presence of LJM is
associated with increased risk for the development
of microvascular disease. The initial report of the pre-
valence of LJM included seven patients with severe
changes, of whom five had clinically apparent retino-
pathy before the age of 18 years (73). In a longitudinal
study of 169 patients with diabetes duration greater
than 4.5 years, which was the shortest duration at
which complications were noted, LJM was associated
with an 83% risk for retinopathy, while the absence of
LJM was associated with a 25% risk after 16 years
of diabetes. The severity of microvascular changes
also corresponded to the severity of LJM (75).

Both the prevalence and severity of LJM have
decreased since the initial recognition in the 1970s,
most likely the result of improved glucose control dur-
ing this era (76). These study results are pertinent to the
question of the importance of prepubertal duration and
control of diabetes for the development of long-term
microvascular complications. Even for the youngest
age group studied or those with the shortest duration
of diabetes, there was a marked decrease in the preva-
lence of LJM between the two eras, suggesting that
improved control from the first years of childhood dia-
betes will reduce long-term complication risks.

Skin Problems

Necrobiosis lipoidica diabeticorum is a rarely seen preti-
bial lesion that is characterized by round or oval

indurated plaques, with central atrophy and eventual
ulceration. Unless they become infected, the lesions
are painless. Relationship to diabetes control is uncer-
tain, but there is an association with smoking,
proteinuria, and retinopathy (77,78). Because these
lesions do not heal well, trauma should be avoided
and infection vigorously treated.

Lipoatrophy, indentation or atrophy of the subcu-
taneous tissue resulting from insulin injection, has
become uncommon with the generalized use of
recombinant-derived human insulin. It is presumed
that the impurities in animal extract insulin or the for-
eign nature of that insulins led to the problem. It was
thought to be immune-mediated, frequently following
dermatomes and occurring symmetrically, distal from
the actual injection sites. The lesions tended to resolve
after a few years and were thought to be IgE-
mediated. Mild atrophy is still seen occasionally with
the contemporary insulins, affecting approximately
3% of patients 1 to 19 years old in one study (79).
Lipoatrophy has even been reported with the use of
insulin analogues (80,81). Injection site rotation may
help decrease the risk of developing lipoatrophy.

When lipoatrophy develops, giving insulin injec-
tions around the edges of atrophic areas or using an
alternative insulin analogue may be helpful.

Lipohypertrophy, which always occurs at the site of
injection, is a local reaction to repeated injection
trauma, usually from inadequate site rotation, with
scarring and decreased sensitivity to pain. The lesion
can occur quite early, however, and may not be
abolished by site rotation (82). Unlike lipoatrophy,
lipohypertrophy continues to be a frequent problem
with improved insulin forms, present to some degree
in as many as half of patients under 20 years of age
(83). Both lipoatrophy and lipohypertrophy are asso-
ciated with greater insulin antibody concentrations
(79). The cosmetic effect is problematic, but most
important is the possibility of varying absorption of
insulin from areas of hypertrophy resulting in erratic
glycemic control (84). Site rotation is also important
in reducing the risk of developing lipohypertrophy.
Once lipohypertrophy develops, injections into the
area of induration should be discouraged. Most
areas of lipohypertrophy will resolve within six to
eight weeks if injections to the area are avoided.
However, some areas of lipohypertrophy become per-
manent even with dedicated avoidance of injections
to the area.

Cataracts

Cataracts occur rarely during recovery from ketoaci-
dosis, typically in the newly diagnosed patient; they
usually disappear rapidly but may persist, requiring
surgical removal (85). In contrast to these ‘‘sugar’’
cataracts, subcapsular juvenile cataracts, associated
with chronic hyperglycemia and caused by sorbitol
accumulation, do not regress and always require
removal.

Figure 4 Inability to approximate the palmar surfaces of the fingers in a

14-year-old girl with diabetes for seven years.
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Growth Failure and Delayed Sexual Maturation

Insulin has important influence on normal growth
and development. Before the contemporary era of dia-
betes management, growth retardation and delayed
puberty were frequently seen in pediatric diabetes
clinics. In twin pairs discordant for diabetes, the
development of diabetes before the onset of puberty
was associated with invariably shorter stature than
that of the nonaffected twin (86). Nonetheless, despite
the generally nonphysiologic traditional means of
treating diabetes, most children with diabetes did
not have serious growth or maturational delay
problems. With the significant advances in diabetes
management over the last 30 years, with rate excep-
tion children with diabetes now experience normal
timing of puberty, with normal growth and adult
heights (87,88).

The effects of insulin on normal growth and
development are largely mediated through the ana-
bolic pathway and the growth hormone–insulin-
like growth factor I (GH–IGF-I) axis. Deficiency of
portal insulin delivery to the liver results in reduced
circulating GH binding protein (GHBP) reflecting
reduction in the cell surface receptor for GH, GH
resistance, and diminished IGF-I production (89,90).
The GH resistance also results in decreased produc-
tion of IGFBP-3, the principal binding protein for
circulating IGF-I, and increased production of
IGFBP-1 and IGFBP-2 (91). These latter BPs, unlike
IGFBP-3, do not deliver their bound IGF-I to tissues.
Furthermore, there is increased proteolysis of
IGFBP-3, decreasing its viability in the circulation. In
addition to the GH resistance, reflected in the lower
concentrations of circulating GHBP, there may be
postreceptor defects in GH action mediated by the
insulin deficiency. Diminished circulating total and
free IGF-I levels are associated with GH hypersecre-
tion because of the absence of negative feedback
from IGF-I. This hypersomatotropism increases glyce-
mia and decreases insulin sensitivity, but is reversible
with adequate insulin replacement (92).

Growth failure and maturational delay with
hepatomegaly and abdominal distention in insulin
treated children was first described by Mauriac in
1930 (93). The regression of hepatomegaly in 13 such
patients, following transfer from regular insulin to
protamine zinc insulin, was noted in 1936 (94). Hepa-
tomegaly was apparently a common complication in
children in the era when only short-acting insulin
was available and aglycosuria was the objective.
This was exemplified in a series from the Joslin clinic
in the late 1930s of 60 youngsters with hepatomegaly,
growth failure, delayed sexual maturation, and
severe uncontrollable diabetes with frequent hypo-
glycemia and ketoacidosis (95). Improvement was
associated with the change to long-acting protamine
zinc insulin.

There appear to be two forms of the Mauriac
syndrome. In one form there is associated Cushingoid

obesity and documented wide fluctuation between
hyperglycemia and hypoglycemia, suggestive of a
pattern of over- and under-insulinization, which
would be expected with treatment using only soluble
insulin, with secondary hyperadrenalism. Periods of
over insulinization would appear to be essential for
the development of obesity in this form of the syn-
drome, and for the induction of hyperadrenalism.
More recent reports are of patients with Mauriac syn-
drome who do not have obesity, and are without a
history of alternating hypoglycemia and ketoacidosis;
these patients are unmistakably inadequately insuli-
nized continuously (96,97).

In addition to insulin deficiency, associated auto-
immune problems, such as hypothyroidism and celiac
disease, can result in growth failure in children with
T1DM. Approximately 20% of children with T1DM
have evidence of autoimmune thyroid disease, deter-
mined by the presence of thyroid autoantibodies (98).
Such autoantibodies should be tested for in all young-
sters with T1DM at diagnosis and those who are
positive should have annual determination of TSH
levels. In addition, all children with T1DM should
have TSH screening every one to two years and any
time thyromegaly is noted or clinical thyroid dysfunc-
tion is suspected (99). If TSH is abnormal, free T4 and,
if indicated, total T3 should be measured.

Celiac disease has been described in 5% to 8% of
children with T1DM; tissue transglutaminase (tTG)
antibodies should be sought in children with growth
failure without obvious cause, even in the absence of
diarrhea (100). Patients with T1DM should be tested
soon after diagnosis for celiac disease, using tTG anti-
bodies and serum IgA levels. Retesting should occur
if growth failure, failure to gain weight, weight loss,
or gastrointestinal symptoms occurs. Positive anti-
body tests should be confirmed and patients with
confirmed positive tTG require small-bowel biopsy
to definitively diagnose celiac disease. Individuals
with confirmed celiac disease should follow a
gluten-free diet. Consultation with a registered dieti-
cian is often helpful in teaching families how to
manage both celiac disease and T1DM (99).

Eating disorders are also more common in chil-
dren with diabetes than in the general population
and should be considered in the assessment of any
child who is not gaining weight or growing normally
(101). Adolescent females with diabetes are 2.4 times
more likely than those without diabetes to have clini-
cal eating disorders and 1.9 times more likely to have
a subclinical eating disorder. Mean HbA1c levels were
higher in adolescents with diabetes who had an eating
disorder than in those who did not (102).

Pathogenesis of Microvascular Complications

The hallmark of microvascular disease is thickened
capillary basement membrane with alterations in
membrane permeability and occlusion of small blood
vessels. While many pathways explain some of the
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pathophysiology of diabetic complications, the single
unifying mechanism for all hyperglycemia-induced
tissue damage appears to be the increased production
of reactive oxygen species (ROS) (103). The following
pathways have all been used to explain the pathogen-
esis of microvascular complications:

Protein glycation. It has been well documented
that improved glycemic control is associated with
decrease in microvascular disease and its progression
(104). This suggests that excess glucose per se has
deleterious effects on tissues. Some of these effects
appear to be through binding to collagen by posttran-
slational nonenzymatic means. The amidori glycation
products undergo slow (nonenzymatic) chemical rear-
rangements to form irreversible AGE. These AGE
accumulate in the extracellular matrix and vascular
intracellular proteins to cause structural tissue altera-
tions with progressive occlusion of blood vessels. This
glycation may alter the charge of the proteoglycan
component of the basement membrane, resulting in
leakage of negatively charged proteins from the
plasma. The pores in glomeruli may also undergo
alterations in size resulting in protein leakage. The
basement membrane thickening found in microvascu-
lar disease may be due to this glycation process, with
accumulation of proteins that are not degradable.
The nonenzymatic glycation of hemoglobin is an
example of protein glycation and has been used as
an indicator of glycemic control since the late 1970s.

Amidori products may be involved in induction
of strand breakage in DNA by interfering with gene
transcription. This may explain the ‘‘metabolic mem-
ory’’ observed in the EDIC study seven years after
the conclusion of the DCCT. Although the mean
HbA1c levels one year after conclusion of the DCCT
were nearly identical between the former intensive
and former conventional groups, the rate of worsening
of retinopathy by three steps or more was significantly
lower in the former intensive therapy group than in
the former conventional group after seven years of
follow-up (68). Similarly, the prevalence of micro-
albuminuria (defined below) was 13.6% for the former
conventional treatment group compared with 8.1% in
the former intensive treatment group at study close-
out; 15.8% of the former conventional group had
albuminuria at seven years compared with only 6.8%
of patients in the former intensive group (105).

Polyol pathway. Sorbitol (glucose alcohol) is enzy-
matically formed from glucose by aldose reductase.
The higher the blood sugar concentration the more
the sorbitol accumulation in a number of tissues,
including lens and nerve. This influx of glucose into
the polyol pathway is associated with decreased myoi-
nositol uptake and decreased sodium/potassium/
ATPase activity. These changes have been related to
increased permeability and increased pressure and
leakage in blood vessels, which may be related to the
increased release of vasoconstrictive prostaglandins
and decreased release of nitric oxide which mediates
endothelium relaxation. The overall effect of these

metabolic abnormalities is decreased vessel wall elas-
ticity and microvascular hypertension (106).

PKC activation. Intracellular hyperglycemia increases
the synthesis of diacylglycerol, a key activator of pro-
tein kinase C (PKC). The activation of PKC has
multiple effects on gene expression which result in
inflammation, increased ROS, and vascular dysfunc-
tion (103).

Hexosamine pathway. Hyperglycemia also increases
the movement of glucose through the hexosamine
pathway. Excess fructose-6-phosphate bypasses the
glycolytic pathway and gets converted to N-acetyl glu-
cosamine. Binding of N-acetyl glucosamine to
transcription factors results in further pathologic
changes in gene expression (103).

Abnormalities in the coagulation system. Elevated
fibrinogen levels and other antithrombotic factors
may result in increased platelet stickiness. In addition,
increased prostaglandin metabolism induces coagulo-
pathy, resulting in increased red blood cell aggregation
and blockage of small capillaries (107).

Nephropathy

Micro-albuminuria, defined as urinary albumin excre-
tion rates of 20–200 mcg/min or 30–300 mg/24 hr, is
predictive of renal and cardiovascular disease (108).
Concentration above 300 mg/24 hr is indicative of
overt diabetic nephropathy. HbA1c level, low-density
lipoprotein cholesterol (LDL-C) concentration, and
body mass index (BMI) were all risk factors for the
development of micro-albuminuria in 12.6% of 1134
men and women with T1DM aged 15 to 60 years
during seven years follow-up in the EURO DIAB Pro-
spective Complications Study (109).

Predictors of Nephropathy

Micro-albuminuria is rare before adolescence, as noted
in a study of the prevalence and progression of micro-
albuminuria and clinical proteinuria in 361 children
with T1DM over the course of 12 years. While the inci-
dence of any single episode of micro-albuminuria
increased between the ages of 10 and 18 years (30.9%
of males and 40.4% of females), persistent micro-
albuminuria and progression from micro-albuminuria
to macro-albuminuria was rare (110).

Persistently elevated levels of serum vascular
endothelial growth factor may help to identify
patients who are predisposed to develop persistent
albuminuria (111). Eleven percent of 101 children
and adolescents with diabetes who initially had nor-
mal urine albumin excretion developed persistent
micro-albuminuria during eight years of follow-up
with an odds ratio of 4.1 for the occurrence of
micro-albuminuria if vascular endothelial growth fac-
tor serum levels were elevated.

Other predictors of persistent albuminuria are
high HbA1c and high baseline albumin excretion
rates, occurring in 12.8% of 339 Danish children and
adolescents with T1DM over a six-year period (112).
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This was a higher incidence than in a large American
cross-sectional survey of 702 children and adolescents
with average diabetes duration of 7.6 years. In this
study, micro-albuminuria, defined as an albumin excre-
tion rate greater than or equal to 15 mcg/min measured
on at least two of three urine collections, increased from
5.1% to 11.6% after 10 years of diabetes duration and
completion of puberty; maternal hypertension was a
significant risk factor, but patients’ blood pressure
was not, and HbA1c had a borderline effect (113). These
findings contrast with other studies in which there is
strong association between development of micro-albu-
minuria and HbA1c values. A four-year follow-up of
279 patients with T1DM found that the rate of develop-
ment of micro-albuminuria was 1.3/100 person-years
in those with HbA1c levels less than 8%, whereas it
was 5.1/100 person-years with HbA1c levels between
8% and 9%, 4.2 between 9% and 10%, and 6.7/100
person-years if HbA1c was greater than 10%. The risk
of development of micro-albuminuria rose steeply
between HbA1c values of 7.5% and 8.5%, emphasizing
the importance of improved glycemic control (114).

The Pittsburgh Epidemiology of Diabetes
Complications (EDC) study is an observational pro-
spective study of 589 patients with onset of T1DM
before the age of 17 years. Baseline LDL levels greater
than or equal to 130, triglycerides greater than or equal
to 150, systolic blood pressure greater than or equal
to 130, and diastolic blood pressure greater than or
equal to 85, conferred relative risks (RRs) of 2.2,
3.2, 2.3, and 2.5 for developing nephropathy over 10
years (115).

Homocysteine elevation has been considered a
risk factor for premature cardiovascular disease.
Young patients with T1DM diagnosed before the age
of 12 years and with duration of disease longer than
seven years who had albumin excretion rates of
greater than 70 mcg/min had elevated homocysteine
levels, indicating an association of diabetic nephropa-
thy with premature cardiovascular disease (116).
Fortunately, over the last 30 years, modern diabetes
management has markedly decreased the incidence
of severe nephropathy in adults who were diagnosed
with T1DM as children (117,118).

Treatment of Nephropathy

Annual testing of the urine for albumin is recom-
mended for children from 10 years of age and with
five years of diabetes (99). The most convenient way
to assess albuminuria is measurement of the urinary
albumin to creatinine ratio obtained on a spot urine
sample. Micro-albuminuria in a single specimen
may not indicate fixed disease. Repeat testing is
required to confirm persistent micro-albuminuria. It
is also important to distinguish between orthostatic
proteinuria and that due to diabetic renal disease.
With orthostatic proteinuria a first void morning urine
should not contain abnormal concentration of albu-
min while a late afternoon urine specimen often will.

The DCCT demonstrated that micro-albumi-
nuria and overt nephropathy can be delayed or
prevented by intensive diabetes treatment (105). How-
ever, the United Kingdom Prospective Diabetes Study
(UKPDS) and other studies have shown that blood
pressure control is at least as important as glycemic
control in prevention of nephropathy and in decreas-
ing the rate of decline of GFR in established disease in
adults with Type 2 diabetes (119). Because of this
increased risk for development of nephropathy, it is
essential to pay close attention to maintaining blood
pressure at normal values. Loss of nocturnal dip in
blood pressure is often the first sign of hypertension,
making ambulatory blood pressure monitoring a use-
ful adjunct in evaluating children with borderline
hypertension.

Persistent micro-albuminuria should be treated
with an angiotensin-converting enzyme (ACE) inhi-
bitor titrated to maintain normal albumin excretion.
ACE inhibitors increase afferent vessel dilatation
and decrease elevated intraglomerular pressures
resulting in decreased albumin excretion. Although
children and adolescents with micro-albuminuria
have higher blood pressures than those with normal
albuminuria (120–123), the beneficial effects of ACE
inhibitors are observed whether or not the patient
has hypertension (124). We recommend starting
therapy with enalapril 5–10 mg daily and titrating
upwards to achieve normal albuminuria and blood
pressure.

The role of low protein diets in treatment of
micro-albuminuria has been debated for several
years; there are no long-term studies in children. Stu-
dies have shown protein restriction to slow the rate of
decline of glomerular filtration rate (125) and decrease
albumin excretion rates in adults with micro-albumi-
nuria (126). Thus, a low protein diet of 0.6–0.8 g/kg
of body weight may be helpful in decreasing albumi-
nuria and slowing the decline in renal function in
patients with persistent micro-albuminuria (126).
High protein intake should be avoided in children
with micro-albuminuria. Because of the importance
of adequate dietary protein in the growing child, how-
ever, protein restriction below 15% of total daily
calories is not justified.

Adolescents should be counseled to avoid smok-
ing, because nicotine has profound vasoconstrictive
effects which have been associated with progression
of nephropathy in adults with T1DM (127).

Retinopathy

Retinopathy is the most common microvascular dis-
ease seen in children and adolescents with T1DM.
Retinopathy is broadly defined as (i) background reti-
nopathy, with the presence of microaneurysms only or
microaneurysms and occasional dot-blot hemor-
rhages, and (ii) proliferative retinopathy, with
growth of new vessels, glia, and fibrous tissue. Fluo-
rescein angiography is used to document severity of
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retinopathy by showing areas of retinal ischemia, pro-
liferation of new blood vessels, and permeability of
the retinal vessels.

At diabetes diagnosis, there is increased blood
flow through the retina. Initially, poor metabolic con-
trol may be associated with leakage of injected
fluorescein into the vitreous (128), which is reversed
by improved metabolic control. In addition, rapidly
improving metabolic control may be associated with
an initial worsening of diabetic retinopathy with sub-
sequent long-term improvement (99). Anatomic
disease results from increased vascular permeability
and capillary and arteriolar occlusion within the
retina. The increased permeability results in edema
and the formation of hard exudates, whereas the
occlusion results in the formation of microaneurysms,
hemorrhages, soft exudates, and capillary dropout.
The growth of new blood vessels, glia, and fibrous tis-
sue in front of the retina can result in vitreous
hemorrhage and retinal detachment from shrinkage
of the proliferating tissue.

Although retinopathy has been reported to be
present at onset of diabetes (129), it usually is not
recognized before 5 to 10 years’ duration and after
the onset of puberty. By that time, 20% to 30% of
patients will have background retinopathy, 30% to
50% after 10 to 15 years’ diabetes duration, and 70%
to 80% after 15 years of diabetes (130).

Predictors of Retinopathy

The incidence of retinopathy in 764 patients greater
than 15 years of age in the European Diabetes (EURO-
DIAB) prospective complications study was 56% after
seven years of follow-up. Risk factors for develop-
ment of retinopathy included high albumin excretion
rate, elevated cholesterol and triglyceride levels, and
increased waist to hip ratio. In contrast to other stu-
dies, there was no association between retinopathy
and blood pressure, cardiovascular disease, or smok-
ing in this study (131).

In a cross-sectional study of 725 African-
Americans with T1DM in New Jersey, 3% had
macular edema and 20.6% had retinal hard exudates.
The severity of retinopathy correlated with the pre-
sence of proteinuria, higher LDL-C levels, systolic
hypertension, poor glycemic control, and longer
duration of disease. Hyperglycemia was strongly
associated with retinopathy, with those patients
whose HbA1c values were in the highest quartile
being three times more likely to have retinopathy than
those in the lowest quartile. Patients with renal disease
were three times more likely to have retinopathy and
10 times more likely to have proliferative retinopathy
than those without renal disease, and patients in the
highest quartile of systolic blood pressure were three
times more likely to have proliferative retinopathy
than patients in the lowest quartile. Importantly, a
large proportion of African-Americans with T1DM
do not receive adequate eye care (132–134). Systolic

blood pressures above 120 mmHg conferred increased
risk of proliferative retinopathy.

The Pittsburgh EDC found that systolic blood
pressure greater than or equal to 120 mmHg con-
ferred an RR of 1.6 for the development of
proliferative retinopathy and the RR was 2.7 if systo-
lic blood pressure was greater than or equal to
130 mmHg; diastolic blood pressure greater than
79 mmHg conferred an RR of 1.8; if diastolic blood
pressure was greater than or equal to 85 mmHg, RR
was 2.4, and if diastolic blood pressure was greater
than or equal to 90 mmHg, the RR of proliferative
retinopathy was 4.6 (115).

Homocysteine concentrations, which, as noted
above, are elevated with cardiovascular disease, were
higher in adolescents with proliferative retinopathy,
further indicating a link between presence of microvas-
cular complications and later onset of macrovascular
disease and implicating a common pathologic mechan-
ism in large and small vessels (116).

Treatment of Retinopathy

Because retinopathy is rare before puberty, many
recommend a baseline screening at diabetes diagnosis
to determine if preexisting eye disease is present.
Otherwise, children with T1DM should begin regular
ophthalmologic evaluation at the age of 10 years and
following three to five years of diabetes (99). Once
criteria for ophthalmologic evaluation have been
met, current recommendations are that children with
diabetes should be followed annually by an ophthal-
mologist. Recent studies indicate, however, that
biennial screening may be adequate in well controlled
children (135). ACE inhibitors have been shown to
slow the progression of retinopathy in patients with
and without hypertension; thus, the presence of
retinopathy is an indication for initiation of such
therapy (136). We recommend beginning enalapril
5–10 mg daily and closely monitoring the progression
of retinopathy. Care must be taken to remind adoles-
cent females that ACE inhibitors are contraindicated
in pregnancy.

The use of retinal photocoagulation has mark-
edly improved the prognosis for vision in patients
with proliferative retinopathy (137). Although the
mechanism of action is uncertain, it is thought that
the photocoagulation destroys ischemic retinal tis-
sue, thus removing the stimulus for
neovascularization. Laser therapy is also used for
macular edema by destroying leaking microaneur-
ysms and dilated capillaries. In cases of
proliferative retinopathy, panretinal photocoagula-
tion will destroy retinal tissue outside the macula
and optic nerve so that the remaining retina is not
ischemic and will, therefore, not produce the growth
factors that result in proliferative diabetic retinopa-
thy. The panretinal photocoagulation has the
adverse effects of compromising color discrimina-
tion, visual fields, and night vision. In the case of
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vitreous hemorrhage or detached retina, vitrectomy
can be used to remove the blood from the vitreous
or to reattach a retina that is in the process of detach-
ing. Laser photocoagulation should be considered
immediately upon diagnosis of proliferative retino-
pathy to prevent additional visual loss and prolong
the period of useful vision (99).

Neuropathy

Although symptomatic neuropathy is uncommonly
seen in children and adolescents with diabetes, sen-
sory and autonomic motor nerve impairment can be
demonstrated in young people. Peripheral neuropa-
thy, including motor and sensory disturbances, as
well as autonomic neuropathies, including gastro-
intestinal, cardiovascular, vasomotor instability,
and hypoglycemia unawareness, have been
described in childhood and adolescence. Evaluation
of peripheral sensory function should be performed
at each clinic visit by gently bending a 10 g monofila-
ment against the great toe. Failure to feel the
10 g monofilament requires further evaluation for
neuropathy.

The pathogenesis of neuropathy in diabetes is
likely multifactorial. The aldose reductase system
is present in the lens and peripheral nerves and is
responsible for metabolism of glucose to sorbitol.
High glucose levels will accelerate the synthesis of
sorbitol, which is not freely diffusible. The sorbitol
thus remains as an osmolar force within the nerve,
causing swelling and possible destruction. Myoinosi-
tol, a component of neuronal cell membranes, and
therefore involved in the control of neural transmis-
sion, has been found to be decreased in animals and
humans with diabetes. In addition, the basement
membrane of the Schwann cell is thickened and the
vasa nervorum has capillary and arteriolar wall thick-
ening by basement membrane accumulation, as part
of the generalized microvascular disease of diabetes.
Biopsy of affected nerves has shown numerous
thrombosed vessels, axonal loss, and a characteristic
segmental demyelination.

Peripheral Neuropathy

Clinical symptoms of peripheral neuropathy include
bilateral numbness and paresthesias, especially pain
and burning in the lower extremities, which is much
worse at night. A decrease in the laboratory sense is
usually the first clinical sign of neuropathy, followed
by loss of ankle jerks and later by loss of pin prick sen-
sation in a stocking distribution (138). The Pittsburgh
EDC study found that 3% of 65 children under 18
years of age had neuropathy based on history and
physical examination (139). Subclinical neuropathy,
assessed by decreased motor nerve conduction veloci-
ties and sensory changes, is much more common,
however, occurring in as many as 50% to 72% of ado-
lescents (140).

Predictors of Neuropathy

Neuropathy has been correlated with hyperlipidemia,
smoking (140), LJM (141), and albuminuria (138).
A recent study of 1172 patients followed for an aver-
age of 7.3 years found that neuropathy, determined
by clinical evaluation, quantitative sensory testing,
and autonomic-function tests, developed in 23.5% of
patients. Risk markers were HbA1c, duration of dia-
betes and, importantly, modifiable cardiovascular
risk factors such as LDL-C, triglycerides, BMI, smok-
ing, and blood pressure (138).

The Pittsburgh EDC study found the RR of
developing peripheral neuropathy to be 2.2 if LDL-C
was greater than 129 mg/dL and 1.5 if LDL-C was
greater than 99 mg/dL but less than 130 mg/dL. Simi-
larly, triglyceride levels greater than 140 mg/dL
conferred a 1.5 RR. A systolic blood pressure greater
than 130 mmHg was associated with an RR of 4.0
and a diastolic blood pressure greater than 85 mmHg
with a 2.0 RR (115).

Improved metabolic control may result in reso-
lution of sensory and motor nerve dysfunction as
well as autonomic symptoms. The DCCT showed
that intensive diabetes therapy decreased clinical
neuropathy by 35% to 90% (68). Peripheral motor
and sensory nerve conduction velocities were signif-
icantly faster after five years of intensive therapy
compared with conventional treatment in the adoles-
cent cohort (142).

Autonomic Neuropathy

Autonomic neuropathy most commonly results in
gastroparesis, cardiovascular reflex loss, and hypo-
glycemic unawareness. Diabetic gastroparesis is
associated with decreased gastric motility and
delayed emptying time. Affected patients often com-
plain of bloating and feelings of satiety following
intake of small amounts of food and they often have
anorexia and weight loss. There are some reports of
resolution of gastroparesis with improved metabolic
control (143,144). Diagnosis can be made by gastric
emptying study. Use of metoclopramide or erythro-
mycin may result in increased motility with
resolution of symptoms. For patients with documen-
ted gastroparesis we recommend starting 5 mg
metoclopramide and 5 mg/kg erythromycin before
meals.

Autonomic neuropathy of the cardiovascular
system results in heart rate abnormalities, especially
fixed heart rate, and defects in central and peripheral
vascular dynamics. Because of this, there is hyposen-
sitivity to catecholamines and an inability to increase
cardiac output resulting in hypotension with stand-
ing or exercise. Patients with autonomic
neuropathy will frequently have a lower blood pres-
sure when sitting or standing than when supine.
Cardiovascular autonomic neuropathy is also a risk
factor for painless myocardial ischemia and mortal-
ity (145).
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Macrovascular Disease and Hyperlipidemia

Diabetes mellitus is a strong risk factor for cardiovascu-
lar disease conferring a two- to fourfold increased risk
and considered to be equivalent to a previous cardio-
vascular event for predicting future events (146–149).
Risk factors that independently increase cardiovas-
cular risk in people with diabetes include smoking,
hypertension, dyslipidemia, renal dysfunction, and
hyperglycemia (150).

The Pathological Determinants of Atherosclero-
sis in Youth study involved more than 3000 young
people who died between the ages of 15 and 34, eval-
uating risk factors for coronary heart disease by
correlating pathologic findings of fatty streaks and
lipid-laden plaques to blood lipid values, smoking,
hypertension, and diabetes. There was a strong
association of extent of disease with smoking, as mea-
sured by serum thiocyanate concentrations. All the
aortas and about half of the right coronary arteries
in the 15- to 19-year age group already had lesions,
with 7% of the aortas and 12% of the right coronary
arteries having raised lesions or advanced lesions of
atherosclerosis. The percentage of intimal surface
involved with lesions in both the aorta and right cor-
onary artery was positively associated with very low
density dipoprotien (VLDL) and LDL-C, with a 5%
increase in surface involvement with each 1 standard
deviation increase of LDL and VLDL cholesterol
levels. Conversely, a 1 standard deviation increase in
HDL cholesterol was associated with a 3% decrease
in intimal surface involvement. HbA1c concentration
was associated with more extensive and more
advanced atherosclerosis in the aorta and right coron-
ary artery, primarily in people between the ages of 25
and 34 years of age. The prevalence of raised lesions
involving 5% or more of the intimal surface was twice
as great in both the aorta and right coronary artery of
people with hypertension throughout the entire 15- to
34-year age span (151).

The Bogalusa heart study reported the autopsy
findings of 43 people aged 2 to 39 years who died
from accidents or homicide and in whom antemortem
data were available; 50% of children 2 to 15 years of
age had fatty streak lesions in the coronary arteries
and 8% had fibrous plaques in their coronary arteries.
These atherosclerotic lesions correlated with BMI, sys-
tolic and diastolic blood pressure, total and LDL-C,
and triglyceride levels (152). This indicates that the
atherosclerotic process occurs early and underscores
the importance of monitoring and treating, where
appropriate, each of the risk factors for cardiovas-
cular disease.

The increased cardiovascular risk in T1DM may
be due to a number of factors, including endothelial
dysfunction, increased arterial stiffness (148,153),
and loss of endothelial integrity. One of the most
important roles of the endothelium is the control of
vascular tone through the production of nitric oxide.
Hyperglycemia increases ROS, which directly reduce

the bioavailability of nitric oxide, resulting in
endothelial dysfunction (154). Endothelial dysfunc-
tion precedes atherosclerosis and can be used to
predict cardiovascular events.

Predictors of Cardiovascular Disease

Recent studies have found higher levels of endothe-
lin-1 (an indicator of endothelial damage) in patients
with diabetes and hyperlipidemia than in controls;
those patients with diabetes who had vascular com-
plications had significantly higher endothelin-1
levels than did patients without complications (155).
The patients with diabetes complications also had sig-
nificantly higher apolipoprotein B levels compared
with healthy controls. Patients without microvascular
or macrovascular disease had levels similar to those of
controls. Thus, it is possible that the susceptibility to
the development of atherosclerosis might be attribu-
ted to the relationship between elevated lipid levels
and endothelin-1 (155).

The Heart Outcome Prevention Evaluation Trial
(156) was a cohort study of 5545 individuals aged 55
years or more with a history of cardiovascular disease
or with diabetes mellitus and at least one cardiovascu-
lar risk factor. Of the 3498 subjects who fell into the
latter category, micro-albuminuria increased the RR
of major cardiovascular events (RR 1.83), all-cause
death (RR 2.09), and hospitalization for congestive
heart failure (RR 3.23). Any degree of albuminuria
was a risk factor for cardiovascular disease, the risk
increasing as the albumin to creatinine ratio increased.
The use of the ACE inhibitor ramipril resulted in sig-
nificant risk reduction of 25% for myocardial
infarction, 37% for cardiovascular deaths, 33% for
stroke, and 24% for all causes of mortality. ACE inhi-
bition also reduced the risk of overt nephropathy by
22% and dialysis by 15%. The ramipril not only
decreases blood pressure, but also has antithrombotic
effects, reducing collagen-induced platelet aggrega-
tion by 18% and adenosine diphosphate-induced
platelet aggregation by 39% (189). In addition, ACE
inhibitors have effects on endothelium and fibrinolysis
that are beneficial in preventing plaque rupture and
subsequent thrombosis, two key events in the
acute formation and progression of atherosclerotic
disease (157).

As previously discussed, the Pittsburgh EDC
found a strong correlation between lipid levels, blood
pressure and risk of cardiovascular disease in their
10-year study of patients with diabetes diagnosed
before the age of 18. Perhaps most importantly, tight
glycemic control may decrease cardiovascular event
rates in patients with T1DM and may demonstrate
the same ‘‘metabolic memory’’ seen with microvascu-
lar complications. Mean HbA1c levels one year after
conclusion of the DCCT were nearly identical between
the former intensive and former conventional
groups. While the EDIC cohort is still relatively young
and the total event rates are still quite small, the
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intensive insulin therapy group demonstrated lower
cardiovascular event rates than the conventional ther-
apy group (158).

Treatment of Hyperlipidemia

The recommendation for adults with diabetes is to
maintain LDL-C less than 100 mg/dL, triglycerides
less than 150 mg/dL, and HDL greater than 40 mg/
dL (159). Evidence continues to mount that even
lower LDL levels result in decreased cardiovascular
disease in high-risk patients (160). The 2005 ADA clin-
ical practice recommendations now suggest that an
LDL goal of less than 70 mg/dL should be used in
high-risk patients with diabetes and cardiovascular
disease (159). The data indicating that fatty streaks
and atherosclerotic plaques are present during child-
hood show that the process begins early. Treatment
goals in children are based on data obtained in adults
and guidelines are similar; intervention should begin
early.

Children with LDL-C levels greater than
160 mg/dL require pharmacologic intervention and
treatment should be considered in children with
LDL-C levels 130–159 mg/dL with a family history
of CVD or additional CVD risk factors who cannot
reach goal (LDL-C < 130 mg/dL) with lifestyle modi-
fication (99). Initial efforts to improve metabolic
control with recommendations for diet and exercise
should always be initiated when lipid levels exceed
target. If fasting lipid profiles are not decreasing after
three months, pharmacologic therapy should be
initiated. Statins are now considered first-line therapy
for hyperlipidemia and can be used in children
10 years and older (99,161). After confirming normal
aspartate aminotransferase and alanine aminotrans-
ferase, we usually begin atorvastatin 10 mg daily.
Fasting lipid levels should be rechecked six weeks
after initiating therapy and the dose should be titrated
upwards at 10 mg increments to achieve the target
level of LDL-C. Adolescent females should be warned
of the teratogenic potential of statins. In addition, we
have begun to use cholesterol absorption inhibitors
(ezetemibe) as adjunct therapy. We consider adding
ezetemibe 10 mg daily if the LDL-C goal cannot be
reached with 20 mg atorvastatin. Triglyceride elevation,
too, should be vigorously treated. In some patients opti-
mal blood-glucose levels will not be achieved despite
intensive effort, resulting in isolated hypertriglyceride-
mia. In those instances, agents directed at lowering
triglyceride levels, such as fibrates, should be consid-
ered. We recommend using fenofibrate 48 mg daily.
Triglycerides should also be rechecked six weeks after
initiating therapy and dose should be titrated upwards
to achieve normal triglyceridemia.

Hypertension

The UKPDS showed that above a baseline systolic
blood pressure of 110 mmHg, the higher the blood

pressure, the greater the risk of cardiovascular disease
(162). The Hypertension Optimal Therapy study com-
pared the outcomes of maintaining diastolic blood
pressure to goals of less than or equal to 90 mmHg,
less than or equal to 85 mmHg, or less than or equal
to 80 mmHg. In the 15,001 patients with diabetes mel-
litus at baseline, the rate of major cardiovascular
events, defined as myocardial infarction, stroke, or
death due to any cardiovascular event, revealed that
the group randomized to maintain a diastolic blood
pressure less than or equal to 80 mmHg had half the
risk of major cardiovascular events compared with
the group randomized to a blood pressure less than
or equal to 90 mmHg. This differs from the results in
the group without diabetes, in which the risk reduc-
tion was only 10% for the lower compared with the
higher blood pressure readings (163), indicating that
diabetes conferred an additional risk for cardiovascu-
lar disease.

Treatment of Hypertension

Children with high–normal blood pressure, defined
as average systolic or diastolic blood pressure greater
than the 90th percentile for age, sex, and height,
should be given dietary (reduce salt intake) and
exercise (30–60 minutes of daily exercise that raises
heart rate) recommendations. If normalization of
blood pressures is not reached within three to six
months of lifestyle interventions, pharmacologic treat-
ment should be initiated. Hypertension, defined as
average systolic or diastolic blood pressure consis-
tently greater than the 95th percentile for age, sex,
and height on three separate occasions, should be
treated with ACE inhibitors (159). As discussed
above, we recommend starting with 5–10 mg enalapril
daily and titrating upwards until blood pressure is
normalized.

CONCLUSION

Since the discovery of insulin by Banting, Best, Collip,
and McCleod in 1921, our understanding and manage-
ment of T1DM have rapidly advanced. As we
approach the 100-year anniversary of the discovery
of insulin, we have an impressive armamentarium of
insulins, delivery devices, and blood-glucose monitor-
ing systems that allow us to provide excellent care for
our patients. Nevertheless, the healthcare and quality
of life costs of living with diabetes remain daunting.
In addition, while our knowledge of T1DM has contin-
ued to grow, we still know relatively little about the
true cause of pancreatic autoimmunity and how it
relates to genetic and environmental risk. As we all
hope for a day when patients will not be burdened
with the difficulties of living with diabetes, we con-
tinue to explore the potential of environmental and
pharmacological immune modification, islet cell trans-
plantation, and stem cell regeneration to provide a
gateway to the prevention and cure of T1DM.
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AUTOIMMUNITY TO THE PANCREATIC ISLETS
T1DM Classification of Diabetes Mellitus

In 1997, the American Diabetes Association (1) reclas-
sified diabetes mellitus according to etiology into four
major forms: Type 1, Type 2, other specific type of
diabetes, and gestational diabetes mellitus (GDM).
Therefore, the term Type 1 diabetes mellitus (T1DM)
replaced the term insulin-dependent diabetes melli-
tus. Type 1 diabetes is insulinopenic diabetes that
results from autoimmune beta cell destruction
(Type 1A diabetes) or whose cause is unknown, but
is believed most often to result from viral infec-
tion of the beta cells (Type 1B diabetes). In the
remainder of this chapter, Type 1A diabetes will be
referred to simply as Type 1 diabetes. Type 1 diabetes
is an element of two immunoendocrinopathy syn-
dromes: autoimmune polyglandular syndrome
Type 2 (Vol. 1; Chap. 9) and the immunodysregula-
tion, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome. Besides early-onset T1DM, disor-
ders in the IPEX syndrome include severe
enteropathy, eczema, anemia, thrombocytopenia, and
hypothyroidism. The condition is usually lethal in
infancy or childhood. Forkhead box P3 mutations
(FoxP3) cause IPEX (2).

Non-insulin-dependent diabetes mellitus was
reclassified in 1997 as Type 2 diabetes that results
from insulin resistance in combination with relative
insulinopenic beta cell failure. Other specific types
of diabetes are forms of diabetes previously classified
as secondary. These disorders include genetic defects
of the beta cell (3–5), genetic defects in insulin action,
diseases of the exocrine pancreas (6,7), endocrinopa-
thies, drug- or chemical-induced diabetes (8,9), infections
(10–12), uncommon forms of immune-mediated diabetes
(13,14) and other genetic syndromes sometimes asso-
ciated with diabetes. GDM is defined as diabetes
that is first detected during pregnancy. The pathophy-
siology of GDM is similar to that of Type 2 diabetes.
GDM usually resolves following delivery; however,
women with GDM are at high risk of developing Type
2 diabetes later in life.

Clinical Impact of Type 1 Diabetes

Type 1 diabetes is a major clinical problem in both chil-
dren and adults. Approximately 1:500 Caucasian
people in Europe and North America are affected with
Type 1 diabetes (15). Because of its high morbidity and
mortality, it can be argued that jointly, Types 1 and 2
diabetes are the most significant endocrine disorders
affecting Westernized populations. A variety of other
disorders of carbohydrate metabolism result from
autoimmune perturbations (Table 1). Type B insulin
resistance, hypoglycemia resulting from insulinomi-
metic autoantibodies, and autoimmune hypoglycemia
are discussed in Vol. 1; Chap. 15. These conditions sin-
gly and even collectively are all far less common than
Type 1 diabetes.

Before the introduction of rigorous glycemic
control as the standard-of-care as determined from
the results of the Diabetes Control and Complications
Trial (DCCT) (16), the expected lifespan from the time
of diagnosis of Type 1 diabetes was otherwise reduced
by one-third. For example if the normal life expec-
tancy of a 10-year child was to age 70 with 60 more
years of life expected, in Type 1 diabetes the expected
lifespan would be reduced to age 50. Microvascular
complications (retinopathy and nephropathy) are
major causes of morbidity and mortality in Type 1
diabetes. Premature macrovascular disease (coronary
artery, carotid artery, and peripheral vascular disease)
and neuropathy are also major contributors to
morbidity and mortality (Vol. 1; Chaps. 4, 6, and 11).
The leading causes of premature death in Type 1 dia-
betes are coronary artery disease followed by renal
failure. Hopefully with better diabetes management,
these grim statistics can be avoided and revised. Tight
glycemic control is also important in Type 2 diabetes
for the avoidance of microvascular complications as
illustrated by the results of the United Kingdom
Prospective Diabetes Study (17). Follow up of the DCCT
tight-control participants demonstrates continued bene-
fit in the avoidance of microvascular and neuropathic
complications (18) and lower rates of macrovascular
disease (19).



ETIOPATHOGENESIS

The majority of cases of Type 1 diabetes result from a
cell-mediated autoimmune process that selectively
destroys the pancreatic beta cells (e.g., Type 1A dia-
betes) (20–22). Both CD8 T cells and macrophages
are believed to be responsible for beta cell necrosis.
Islet cell autoimmunity can develop very early in life
(23). It has been reported to develop prenatally (24)
and is transferable by bone marrow transplantation
(25). Roles for T helper Type 1 (Th1) and Th2 cells
have been implicated (26).

Multiple lines of evidence support an autoim-
mune basis for Type 1 diabetes. In patients dying
within six months of diagnosis of Type 1 diabetes,
60% to approximately 90% have pancreatic insulitis
(27–29). Insulitis is the histological description of lym-
phocytic infiltration of the pancreatic islets with
destruction of the beta cells and depletion in insulin
content detected by immunohistochemistry. Both Bio-
breeding (BB) rats and nonobese diabetic (NOD) mice
display insulitis (30). With increasing duration of the
disease, there is progressive disappearance of pan-
creatic beta cells. Non-beta cells (alpha, gamma, and
pancreatic polypeptide cells) are not subject to auto-
immune targeting or permanent damage. Destroyed
islets are depleted of beta cells yet alpha cells persist.
The beta cell most likely carries antigens unique to
insulin-producing cells not expressed in other islet
cell types. Of the major antigens so far discovered that
are targeted in Type 1 diabetes [e.g., glutamic acid
decarboxylase (GAD), insulinoma-associated antigen
2 (IA-2), and islet sialoglycoconjugate], only insulin
appears to be highly beta cell-specific (31).

In both animal models of Type 1 diabetes, the BB
rat (32) and the NOD mouse (33,34), Type 1 diabetes
can be transferred with lymphocytes from the spleens
of acutely diabetic animals to nondiabetic animals. On
the other hand, Type 1 diabetes cannot be transferred
with serum. In NOD mice, CD4 T cells are specifically
able to transfer Type 1 diabetes (35). NOD mice lack-
ing B cells still develop Type 1 diabetes, further
emphasizing the pivotal role of CD4 T cells in the
pathogenesis of Type 1 diabetes (36). There is also a
case report of Type 1 diabetes developing in a child
with agammaglobulinemia, indicating that neither B
cells nor antibody are necessary for the pathogenesis
of Type 1 diabetes in humans (37). In pregnant women
with Type 1 diabetes who express islet autoantibodies
being of the immunoglobulin G (IgG) class (e.g., iso-
type), these autoantibodies do cross the placenta and
are detectable in the blood stream but do not affect
the carbohydrate metabolism in the newborn (38).

This provides in vivo human evidence that islet auto-
antibodies by themselves do not cause beta cell
damage or destruction.

NATURAL HISTORY OF TYPE 1 DIABETES

The natural history of Type 1 diabetes can be schema-
tized into a number of stages (Fig. 1). In Stage 1, where
beta cell mass and function are normal, individuals
who carry genetic susceptibility alleles to Type 1 dia-
betes suffer exposure to an environmental stimulus
triggering islet inflammation (insulitis). The pre-
sumed release of sequestered or altered self-antigens
explains, at least in part, the later development of islet
autoantibodies that mark the recognition of Stage 2. In
the absence of islet autoantibodies and any clinical
evidence of beta cell dysfunction, insulitis is silent.
Only a minority of genetically susceptible individuals
develop islet autoantibodies and eventual T1DM.
Thus in the natural history of Type 1 diabetes, a subset
of autoantibody-positive individuals progress through
varying stages of glucose intolerance to clinical
diabetes (39).

In Stage 2, there is now serological evidence
of humoral (and/or cell-mediated) autoimmunity
[i.e., islet cell cytoplasmic autoantibodies (ICA),
glutamic acid decarboxylase autoantibodies (GADA),
insulinoma-2-associated autoantibodies (IA-2A), or

Figure 1 The natural history of Type 1 diabetes can be schematized into a

number of stages. In Stage 1, where beta cell mass and function are normal,

individuals who carry genetic susceptibility alleles to Type 1 diabetes suffer

exposure to an environmental stimulus triggering islet inflammation (insuli-

tis). The development of islet autoantibodies marks the recognition of

Stage 2. During this stage, there is an approximate 50% decline in beta

cell mass without detectable abnormalities by any form of glucose tolerance

testing. The earliest functional beta cell abnormality that can be detected

(Stage 3) is a decline in first-phase insulin response to intravenously admi-

nistered glucose. Later intolerance to oral glucose challenges appears

(Stage 4). After one to two years of glucose intolerance upon oral testing,

a typical history of polyuria, polydipsia, and possible weight loss is identified

heralding the diagnosis of diabetes (Stage 5). Abbreviations: IVGTT, intrave-

nous glucose tolerance test; OGTT, oral glucose tolerance test; T1DM, Type 1

diabetes mellitus.

Table 1 Autoimmune Disorders Involving Carbohydrate Metabolism

Type 1 diabetes

Type B insulin resistance

Hypoglycemia resulting from insulinomimetic autoantibodies

Autoimmune hypoglycemia
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insulin autoantibodies (IAA)] without clinically
detectable metabolic perturbations. However during
this stage, there can be a 50% decline in beta cell mass
without detectable abnormalities by any form of glu-
cose tolerance testing. The earliest functional beta
cell abnormality that can be detected (Stage 3) is a
decline in first-phase insulin response to intrave-
nously administered glucose at time 1 plus three
minutes (40,41). Later, intolerance to oral glucose chal-
lenges appears. When there is glucose intolerance
Stage 4 is reached. After one to two years of glucose
intolerance upon oral testing, a typical history of poly-
uria, polydipsia, and possible weight loss is identified.
Finally, with such frank hyperglycemia, diabetes is
clinically diagnosed in Stage 5. Diabetic ketoacidosis
may occur if the diagnosis of diabetes is delayed.

GENETICS OF TYPE 1 DIABETES

Susceptibility to Type 1 diabetes can be inherited
although most cases (approximately 85%) of Type 1
diabetes occur sporadically (e.g., in the absence of an
affected first-degree relative). Whereas the general
population frequency of Type 1 diabetes in the United
States is approximately 1:500 (0.2% of the population
affected), siblings of Type 1 diabetes patients experi-
ence a 40-fold higher risk of developing Type 1 diabetes
(e.g., 1:20 or 5% affected). Likewise offspring of a Type
1 diabetes father or mother are also at increased risk,
respectively, 1 in 14 (7%; 35-fold increased risk) and 1
in 50 (2%; 10-fold increased risk). Ethnicity greatly
influences risk for Type 1 diabetes. Finns experience
the highest risk in the world (1:100) while peoples of
China and Japan suffer the lowest risk for Type 1
diabetes worldwide (1:10,000) (42). Risks for Type 1
diabetes in Caucasian North Americans and Southern
Europeans are lower than in Scandinavians being 1 in
500 as described above. Type 1 diabetes in African-
Americans is approximately half as common as in
Caucasians that is being approximately 1 in 1000.

HLA Susceptibility to Type 1 Diabetes

Inheritance of susceptibility to Type 1 diabetes is not
Mendelian but instead is multifactorial and polygenic.
Clearly no single gene allele is always associated
with Type 1 diabetes nor are unique DNA sequences
observed in Type 1 diabetes subjects (43). The associa-
tion of specific human leukocyte antigen (HLA)-loci
and Type 1 diabetes was first recognized in the
1970s for HLA-B alleles and then, more powerfully
associated with DR alleles in the late 1970s and early
1980s. In the mid to late 1980s, the predominant role
of HLA-DQB1 and A1 alleles was discovered in pro-
viding proclivity to Type 1 diabetes.

In studies from the University of Florida invol-
ving more than 1000 individuals with Type 1 diabetes,
approximately 95% express at least one HLA-DR3

and/or DR4 allele. Compared with a general popula-
tion frequency of approximately 3%, approximately
40% of Type 1 diabetes patients are heterozygous for
HLA-DR3 and DR4. After DR3/DR4 heterozygotes,
DR4 homozygosity is the next highest risk genotype
followed by DR3 homozygotes and DR4/DRX hetero-
zygotes (X¼non-DR3/DR4 allele). Only 5% of Type
1 diabetes patients lack both HLA-DR3 and DR4. In
individuals with HLA-DR3 or DR4, the second anti-
gen excluding DR3 and DR4, is most commonly DR1.
DR2 and DR5 are usually protective of Type 1 diabe-
tes (44).

In contrast to the data in Caucasians, in African-
Americans with Type 1 diabetes only 70% have a
HLA-DR3 and/or DR4 allele suggesting greater het-
erogeneity of etiology of youth-onset diabetes in
African-Americans than in Caucasians (45). In African-
Americans, while HLA-DR4 is associated with Type 1
diabetes, DR3 is not. Thirty percent of African-
Americans with youth-onset diabetes lack both DR3
and DR4 alleles. Islet cell cytoplasmic autoantibody
frequencies at diabetes onset in African-Americans
are also considerably lower than in Caucasians (40%
in African-Americans vs. approximately 75% in
Caucasian Americans) thus providing further evi-
dence of etiological heterogeneity.

Using recombinant DNA methodologies, the
serological DQw3 antigen associated with DR4 has
been divided by analysis of DR4-related DQ beta
genes (DQw3) into Type 1 diabetes-susceptible
(DQB1�0302) and Type 1 diabetes-resistant or neutral
(DQB1�0301 and DQB1�0303) Type 1-diabetes-risk
subtypes (46). The susceptibility to Type 1 diabetes
is inherited, at least in part, by way of inheritance of
DQA1�0501–DQB1�0201 (associated with DR3) and
DQA1�0301–DQB1�0302 (associated with DR4) or
closely linked alleles (47). Individuals heterozygous
for DQA1�0501–DQB1�0201/DQA1�0301–DQB1�0302
can have a 32-fold increased risk for Type 1 diabetes,
which would be an absolute risk of approximately 6.4%
risk based on a general population frequency of Type 1
diabetes of 1 in 500.

HLA-DQB1�0602 is highly protective of Type 1
diabetes with only 1 in 15,000 persons carrying this
allele developing Type 1 diabetes (48). HLA-DQB1�
0602 is also protective of Type 1 diabetes in subjects
with autoimmune polyglandular syndrome Type 1
(49). The DR4 molecular split DR�0403 is also highly
protective of the development of Type 1 diabetes.

For the DQB1 alleles associated with Type 1
diabetes at position 57 of the beta chain, there are non-
aspartic acid residues (e.g., serine, valine, and alanine)
as opposed to Type 1 diabetes-resistance alleles where
aspartic acid is present (50). This amino acid difference
alters the class II major histocompatibility complex
(MHC) antigen-binding cleft and thus appears to
influence which antigen-peptides are presented (51).
Many studies have associated nonaspartic acid alleles
with Type 1 diabetes susceptibility (52). Arginine at
position 52 in the DQ alpha chain has also been related
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to Type 1 diabetes susceptibility (53). A combination
of these DQA1 and DQB1 alleles (particularly in the
trans configuration) further increases risk for Type 1
diabetes (54).

The DR2 and DR5 diabetes-resistance alleles
associated DQA1–DQB1 haplotypes are, respectively,
DQA1�0102–DQB1�0602 and DQA1�0501–DQB1�
0301. As opposed to Caucasians and DQB1, in
Japanese DQA1 alleles are the MHC susceptibility
factors (55). However, Korean and Caucasian Type 1
diabetes subjects display similar HLA susceptibility
patterns (56). It has been proposed that variations in
population frequencies of DQB1 beta-chain nonaspar-
tic acid alleles correlate with the population frequency
of Type 1 diabetes (57). Several excellent overviews of
the genetics of Type 1 diabetes have been published
(58,59). The influences of various DQ loci are summar-
ized in Table 2.

Studies of multiplex families show that the
inheritance of Type 1 diabetes is associated with par-
ticular parental haplotypes. In sibling pairs with
Type 1 diabetes, instead of the expected random hap-
lotype distribution (25% HLA identical, 50%
haploidentical, 25% nonidentical) a predominance of
like-haplotypes is found (60% HLA identical, 35%
haploidentical, < 5% nonidentical). There is an appar-
ent transmission bias for Type 1 diabetes because
approximately 7% of children fathered by Type 1 dia-
betes men develop Type 1 diabetes as opposed to 2%
of the offspring of Type 1 diabetes mothers (60). This
is due to the preferential inheritance of a DR4-bearing
haplotype from the affected Type 1 diabetes father
(70% transmission to offspring vs. expected 50% trans-
mission) (61). In both Type 1 diabetes fathers and
mothers, there is transmission bias of DR3 (60% trans-
mission to offspring vs. expected 50% transmission).

Non-HLA Susceptibility to Type 1 Diabetes

Polygenic inheritance of susceptibility to Type 1
diabetes is certain (62). Polymorphisms in at least 14
different genetic loci have been associated with Type
1 diabetes in humans (63–67). The loci have been iden-
tified by population studies and sib-pair analysis.

The loci can be classified according to the cer-
tainty with which the data supports a genetic
association with Type 1 diabetes. Presently four loci
have been confirmed as true susceptibility loci based
upon adequately statistically powered studies, often
in diverse populations (Table 3) (68). These loci are
the MHC, the insulin gene, CTLA-4 (69) and PTPN22
(70). There are many unconfirmed loci: IDDM3
(15q26), IDDM4 (11q13), IDDM5 (6q25), IDDM6
(18q), IDDM7 (2q33), IDDM8 (6q2), IDDM9 (3q),
IDDM10 (10p14-q11), IDDM11 (14q24-q31), IDDM13
(2q33), and IDDM15 (6q21). Data supporting IDDM7
(2q33), IDDM15 (6q21), IDDM10 (10p14-q11), and
16q22-q24 as significant diabetes susceptibility loci
are increasing (71).

Despite this surfeit of potential loci, the MHC
remainsthemost importantsusceptibilityfactor (Table4)
and provides 40% to 50% of genetic susceptibility to
Type 1 diabetes as described above. The next most influ-
ential gene appears to be the insulin gene and its 50

hypervariable region (HVR) (72). The insulin gene is
located on chromosome 11p15. The gene has three exons
separated by two introns: a 179-base pair (bp) intron
within the 50 untranslated region and a 786-bp intron
within the coding region of the C-peptide. The order of
the insulin chains encoded in the gene is beta chain:
C-peptide:alpha chain. Three hundred and sixty-three
base pairs upstream of the transcription start site is
located the insulin-gene HVR which consists of 14-
to 15-bp tandem repeats. This region has also been
described as a region of variable numbers of tandem
repeats (VNTR). While the number of repeats in HVR
alleles in the human population varies greatly, the

Table 3 Confirmed Susceptibility Loci in Type 1 Diabetes

Locus Location Gene(s)

IDDM1 6p21 HLA-DR and DQ

IDDM2 11p15 Insulin

IDDM12 2q33 CTLA-4

1p13 PTPN22

Table 2 Relative Influence of HLA-DQ Alleles on Susceptibility to Type 1

Diabetes

DQ alleles

DQB1 DQA1

Associated

HLA-DR T1DM influence

Relative

influencea

0602 0102 DR15b Protective þþþþ
0301 0501 DR5 Protective þþþ
0302 0301 DR4 Susceptible þþ
0201 0501 DR3 Susceptible þ
aProtective alleles are generally dominant over susceptibility alleles.
bDR15 is a split of DR2.

Abbreviations: HLA, human leukocyte antigen; T1DM, Type 1 diabetes

mellitus.

Table 4 Risk Effect of Specific HLA Alleles for the Development of Type 1

Diabetes

HLA-DRB1 Absolute risk Relative risk

Within families

Random sibling risk 1:20 25

Sibling HLA identical to affected

sibling

1:7 70

Sibling shares DR3/DR4 with

affected sibling

1:4 125

Genetically identical to affected

sibling (identical twin)

1:3–1:2 170–250

General population

Random risk 1:500 1

DR3 (þ) 1:400 1.25

DR4 (þ) 1:400 1.25

DR3/DR4 (þ) 1:40 12.5

Abbreviation: HLA, human leukocyte antigen.
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alleles are usually described as class I alleles (approxi-
mately 40 repeats; < 600 bp in length; approximately
two-thirds of the total allele population), class II alleles
(approximately 95 repeats; 600–1600 bp in length; rare
alleles), or class III alleles (approximately 170 repeats;
> 1600 bp in length; approximately one-third of the
total allele population). The class I alleles are associated
with the Type 1 and Type 2 diabetes (73) and latent auto-
immune diabetes in adults (74). The class I allele may
not be expressed in the thymus abundantly, leading to
impaired tolerance against insulin (75,76). Other
researchers believe that the VNTR alleles may not be
the primary susceptibility features of the insulin gene
and may in turn be linked to another truly pathogenic
focus (77). IDDM2 does not appear to influence suscept-
ibility to other autoimmune disorders (78).

CTLA-4 is an abbreviation for cytotoxic
lymphocyte-associated protein 4 or cytotoxic T-lym-
phocyte-associated serine esterase-4. The normal role
of CTLA-4 is in downregulating the immune response.
Unactivated T cells do not express CTLA-4 but with T-
cell activation, CTLA-4 is expressed. CTLA-4 binds to
B7 on antigen-presenting cells with 20 times higher affi-
nity than the CD28:B7 interaction. The interaction of
CTLA-4 with B7 impairs further T-cell activation ser-
ving to turn off the immune response. It is logical
that a mutation or dysregulation of CTLA-4 could pre-
dispose to autoimmunity (79). For example, CTLA-4 or
genes closely linked to CTLA-4 may influence the
development of autoimmune thyroid disease such as
Graves disease and Hashimoto thyroiditis (80–84).

The newest confirmed diabetes susceptibility
locus is PTPN22 located on chromosome 1p13 that
encodes a lymphoid protein tyrosine kinase (85–87).
By dephosphorylating and inactivating T-cell recep-
tor-associated Csk kinase, PTPN22 appears to be
involved in preventing spontaneous T-cell activation
(88). Like CTLA-4, PTPN22 may be involved in many
forms of autoimmunity (89).

ENVIRONMENTAL TRIGGERS IN THE PATHOGENESIS
OF TYPE 1 DIABETES

Because concordance for Type 1 diabetes in identical
twins is only 33% to 50%, environmental factors are
thought to play a significant role in triggering Type 1
diabetes (90). Environmental triggers of beta cell auto-
immunity under investigation include diet/breast
feeding (91), toxins, drugs, immunizations (92), viral
infections (93–95), and stress. Suspected toxins include
alloxan-like or streptozotocin-like agents that induce
oxidant beta cell damage and smoked or cured mut-
ton. Viral infections hypothesized to trigger Type 1
diabetes include coxsackie A, coxsackie B (96), cytome-
galovirus, and ECHO virus (97), Epstein–Barr virus,
rubella, mumps, and retroviruses. There is no unequi-
vocal evidence to suggest that children should avoid
cows’ milk products to prevent Type 1 diabetes (98),
although cow’s milk bovine serum albumin, and

beta-lactoglobulin exposure have been found in var-
ious studies to act as diabetogenic influences (99).
Immunizations are not associated with the develop-
ment of Type 1 diabetes. The lay literature has often
identified routine immunizations as the cause of many
pediatric maladies, yet no proof of this can be found
despite exhaustive searches.

Because of the inherent ‘‘plasticity’’ of the genome,
especially with respect to T-cell receptor and immuno-
globulin gene rearrangements, the supposition that
monozygotic twins are immunogenetically identical
can be seriously questioned (100). In persons who
develop Type 1 diabetes, the relative contributions of
genetic and interacting environmental factors appear
to be highly variable. Genetic factors may predominate
early in life whereas environmental ‘‘exposures’’ may
become more important with advancing age. Presum-
ably, once a person is predisposed to Type 1 diabetes
by the possession of particular immune response genes
(HLA-associated and those outside the MHC) and
nonimmune response genes, the proper environmental
exposure may trigger or foster the initiation of the
autoimmune process. Unfortunately, the triggers to
the development of Type 1 diabetes remain largely
unknown (101–106).

ISLET AUTOANTIBODIES

In new-onset cases of Type 1 diabetes, 95% or more of
individuals will exhibit at least one of the following
autoantibodies: ICA, GADA (107), IA-2A (108,109),
or IAA (Table 5) (110). The presence of any of these
autoantibodies in the setting of diabetes establishes
the diagnosis of Type 1 diabetes regardless of the
phenotype of the diabetes: insulin-requiring or non-
insulin requiring. The presence of the autoantibodies
in nondiabetic individuals also predicts the develop-
ment of Type 1 diabetes (111).

Islet Cell Cytoplasmic Autoantibodies

ICA are detected by indirect immunofluorescence
using human blood group O pancreas as substrate.
Because ICA react with intracellular antigens of all
cells of the pancreatic islets, they are not involved
in the pathogenesis of Type 1 diabetes. ICA was the
first islet autoantibody assay developed and was first
described in 1974 (112). ICA react with GAD, IA-2,
and sialoglycoconjugate antigens in the pancreatic
islets (113); non-GAD ICA have been reported (114).
ICA are polyclonal including both kappa and lambda
light chains and all four IgG subclasses (115). Standar-
dization of ICA testing has been accomplished by
workshops held under the aegis of the Juvenile

Table 5 Clinically Important Islet Autoantibodies in Type 1 Diabetes

Islet cell cytoplasmic autoantibodies

Glutamic acid decarboxylase autoantibodies

Insulinoma-2-associated autoantibodies

Insulin autoantibodies
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Diabetes Foundation (JDF). This lead to the establish-
ment of ICA titers being reported as JDF units.

At the time of diagnosis, 70% to 80% of Caucasian
children with Type 1 diabetes have ICA; however, the
frequency falls thereafter (116). By five years’ duration
of Type 1 diabetes, ICA frequency has declined to
approximately 25%, and after 10 years, ICA persists
in sera in less than 5%. First-degree relatives of Type
1 diabetes patients have a frequency of Type 1 diabetes
similar to their ICA frequency (3–5%). In Pasco County,
Florida in a study of approximately 10,000 normal
school children, ICA were detected in 1 in approxi-
mately 250 children (117). The Type 1 Diabetes
Prevention Trial (DPT-1) employed ICA testing for
the identification of relatives of Type 1 diabetes subjects
who were at risk of developing Type 1 diabetes
(118,119).

In patients with clinically apparent Type 2 dia-
betes, some 5% to 15% are ICA-positive (120–122),
and with time, these patients tend to progress to insu-
lin dependence. These individuals also express higher
frequencies of the Type 1 diabetes-associated HLA-DR
alleles DR3 and DR4.

ICA and other islet autoantibodies usually pre-
date the clinical presentation of Type 1 diabetes by
months or years (123,124). ICA-positive, nondiabetic
patients, evaluated serially by glucose tolerance test-
ing, often show insulinopenia to intravenous glucose
injection, while later, rises in fasting and stimulated
glucose concentrations occur after oral glucose chal-
lenges (39–41,125). Higher titer ICA appear to predict
an increased risk for the development of Type 1 dia-
betes in nondiabetic individuals. Furthermore, newly
diagnosed individuals with Type 1 diabetes who have
higher ICA titers are at higher risk to more rapidly lose
endogenous C-peptide secretion (126). A similar claim
has been made for higher titer GADA (127).

Glutamic Acid Decarboxylase Autoantibodies

In 1990, the Mr 64,000 (64 kDa) islet immunoprecipita-
ble autoantigen was shown to be GAD (3). GADA are
now detected predominantly by immunoprecipitation
of radio-labeled antigen (e.g., a radio-binding assay).

GAD normally converts glutamate to gamma-
amino butyric acid (GABA) in the nervous system.
GABA is an inhibitory neurotransmitter. GAD is
expressed predominantly in the central and peripheral
nervous systems but is also expressed in testes, ovary,
adrenal, pituitary, thyroid, islets, and kidney (128).
Whereas the role of GAD in nervous tissue of convert-
ing glutamic acid to GABA is well recognized, the
biologic role of GAD in the islets of Langerhans is
unclear.

GAD comes in two molecular isoforms that are
coded for by separate genes: GAD65 (chromosome 2),
Mr approximately 65 kDa and GAD67 (chromosome
10), Mr approximately 67 kDa. GAD65 and GAD67 exhi-
bit approximately 70% amino acid homology. GADA
are most commonly directed against GAD65 (129–131).

Varying epitope reactivity for GADA among
nondiabetic and diabetic individuals may explain why
not all GADA in nondiabetic individuals predict Type 1
diabetes (132).

A primary sequence homology between por-
tions of GAD and the P2-C protein expressed by
coxsackie virus has been described (129). GAD cellu-
lar autoimmunity has been shown (133). In addition
to GAD, cell-mediated immune responses to other
islet antigens have been described, such as insulin
secretory granule proteins and beta cell membrane
antigens (134–136). One group of investigators pro-
pose that cellular and humoral GAD reactivity are
inversely associated with Type 1 diabetes risk (137).
Using the older immunoprecipitation assay, Atkinson
et al. (138) showed that 64 kDa autoantibodies were
highly predictive of Type 1 diabetes. Since of this
initial report, many studies have confirmed that
GADA in nondiabetic individuals predict the later
development of Type 1 diabetes.

GADA in patients with clinical Type 2 diabetes
correlates with insulin deficiency similar to ICA.
Because of the attenuated pace of beta cell destruction
and older-onset of disease, the term latent-autoim-
mune diabetes of adulthood (LADA) has been
applied to such clinical circumstances (139–142).

Insulinoma-2-Associated Autoantibodies

The most recently identified autoantigen of great clin-
ical importance is a member of the plasma membrane
protein tyrosine phosphatase family: IA-2
(108,143,144). Besides the islets, IA-2 is found in other
endocrine tissues such as the pituitary gland. Like
GAD, the role of IA-2 in islets is controversial.

Similarly to GADA, IA-2A are detected
predominantly by radio-immunoprecipitation. The
immunoreactivity to the C-terminal portion of IA-2
is most highly associated with Type 1 diabetes.
Whereas some IA-2 assays include the entire IA-2
molecule, many assays include only the C-terminal
portion of the molecule, e.g., assays for ICA512
autoantibodies or IA-2c autoantibodies. A second
transmembrane protein tyrosine phosphatase autoan-
tigen (IA-2b) has been described (145). IA-2 and IA-2b
share several common epitopes while other epitopes
are unique to each molecule.

Insulin Autoantibodies

The only beta cell-specific autoantigen is insulin
whose autoantibodies are detected in the IAA assay
(110). IAA are determined by the immunopreci-
pitation of A-14 mono-iodinated insulin. The
enzyme-linked immunosorbent method for the detec-
tion of IAA does not correlate with the development
of Type 1 diabetes (146,147). Because the IAA assay
requires several hundred microliters of serum, a
micro-IAA assay has been developed. IAA are found
in approximately 40% to 50% of newly diagnosed
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children with Type 1 diabetes (148). By themselves,
IAA do not strongly predict the development of
Type 1 diabetes in nondiabetic individuals. However,
IAA together with ICA are highly predictive of insu-
linopenia and the eventual development of Type 1
diabetes as demonstrated in DPT-1 (148).

Testing for IAA should be carried out before
insulin administration is initiated. Insulin-treated
patients frequently develop insulin antibodies that
cannot be distinguished from IAA by the IAA assay.
Insulin antibodies can arise even in individuals treated
with human insulin. It is true that insulin antibodies
take several days to a week or more to develop in
response to exogenous insulin therapy; however
in any one patient, the time at which insulin antibodies
arise in response to insulin therapy is not known and
thus blood for IAA should be drawn prior to the initia-
tion of insulin injections.

Islet Autoantibody Testing

While autoantibodies to many other molecules have
been described in Type 1 diabetes [e.g., anticarboxy-
peptidase-H autoantibodies (149), 51 kDa aromatic-l-
amino-acid decarboxylase autoantibodies (150),
chymotrypsinogen-related 30 kDa pancreatic autoanti-
bodies (151), DNA topoisomerase II autoantibodies
(152), glima 38 autoantibodies (153), GLUT2 auto-
antibodies (154), heat shock protein autoantibodies
(155; controversial) ICA69 autoantibodies (156,157),
insulin receptor autoantibodies (158), islet cell-specific
38 kDa autoantibodies (159,160), islet cell surface auto-
antibodies (161,162), proinsulin autoantibodies (163),
sex-determining region Y-related protein SOX13 auto-
antibodies (164)], these assays are not sufficiently
rigorous or the positivity rates sufficiently high to
recommend that such assays be employed clinically
in addition to ICA, GADA, IA-2A, or IAA.

While certain HLA types are more common in
Type 1 diabetes than in controls, such as HLA-DR3,
HLA-DR4, HLA-DQB1�0302 and HLA-DQB1�0201,
HLA-typing is not diagnostic for Type 1 diabetes
because these alleles do occur in the general population
(165). As well, there are alleles protective of Type 1
diabetes such as HLA-DR2 and HLA-DQB1�0602;
however, the presence of these alleles in any individual
cannot be used to exclude Type 1 diabetes.

OTHER IMMUNE ABNORMALITIES
IN TYPE 1 DIABETES

When ICA were first discovered, immunofluorescent
staining of the islet limited to either glucagon-
producing alpha cells or somatostatin-secreting delta
cells was described in a minority of sera tested for
ICA (166). ICA-positive sera react with all cells
of the pancreatic islet. In a University of Florida
study, the frequency of alpha-cell autoantibodies
was found to be similar in controls and relatives of
Type 1 diabetes patients (0.5% vs. 0.6%, respectively).

Subjects with alpha-cell autoantibodies did not dis-
play disturbed HLA-DR frequencies in contrast to
nondiabetic individuals with ICA that exhibited
increased frequencies of HLA-DR3 and DR4. Alpha-
cell autoantibodies are apparently rare in Type 1
diabetes patients because alpha-cell autoantibodies
were not found in any of 62 ICA-negative Type 1
diabetes patients studied. Biochemically, alpha-cell
autoantibodies are not associated with any perturba-
tions in glucagon secretion (167,168). Autoantibodies
to the glucagon molecule have also been reported
but do not cause disease (169,170).

Besides insulitis and islet autoantibodies (e.g.,
ICA, IAA, GADA, and IA-2A) a number of other
immunological abnormalities have been described in
Type 1 diabetes including: elevated levels of Ia
(class II MHC) (171,172) and TAC (transferrin receptor)-
positive T cells (activated T cells), increased K-cell
levels, perturbed numbers or ratios of T-helper/
inducer (CD4) and T-cytotoxic/suppressor (CD8)
cells, lymphocytotoxic autoantibodies (173), circulat-
ing immune complexes (174), decreased IL-2
production by lymphocytes from Type 1 diabetes
patients (175), impaired CD4-positive T-lymphocyte
function (176), and decreased class I MHC expression
(177). In vitro, lymphocytes from Type 1 diabetes
patients have been shown to produce migration inhibi-
tion factor when exposed to xenogeneic islets or islet
homogenates. Lymphocytes in vitro have produced
islet adherence (178) and cytolysis and have inhibited
insulin release. Variations in antigen-presenting cell
function in Type 1 diabetes and prostaglandin
synthase-2 expression have been described (179,180).

Further evidence of an autoimmune etiology for
Type 1 diabetes is found in the association of Type 1
diabetes with other recognized autoimmune diseases
[particularly Hashimoto thyroiditis (181,182) and
atrophic gastritis (183,184)], and with disturbed fre-
quencies of particular HLA-DR and DQ types (185). In
contrast to many other autoimmune disorders, Type 1
diabetes is equal to or slightly more common in males
than females and more commonly presents in childhood
than in adult life. Other autoimmune diseases atypically
more common in men than women include infantile
polyarteritis nodosa and ankylosing spondylitis.

PREDICTION, IMMUNOTHERAPY, AND PREVENTION
OF TYPE 1 DIABETES

In studies undertaken largely in the 1980s, immuno-
suppression of newly diagnosed Type 1 diabetes
patients with cyclosporin, or azathioprine and gluco-
corticoids produced short-lived remissions (186–188).
Because of the limited success of these trials and the
intrinsic toxicities of such immunosuppressive agents,
researchers have recently attempted to induce immu-
nologic tolerance to beta cell antigens as a method
of preventing Type 1 diabetes (189). The first beta cell
antigen to be used in such trials was insulin by
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subcutaneous injection for high-risk individuals and
oral insulin was administered to moderate-risk
individuals (190). This was the basis for the DPT-1
study that started in 1993 and recently concluded
(118,119). Unfortunately, neither approach was success-
ful in abating the development of Type 1 diabetes. In
another smaller study, oral insulin administration
begun at disease onset was also ineffective in changing
the disease course over the first 12 months following
diagnosis (191).

Nasal insulin administration is being attempted
in Finland in the Diabetes Prediction and Prevention
trial (192,193). In New Zealand (194) and Canada,
Texas and Europe (195), nicotinamide was studied
as a beta cell selective antioxidant. Similar to the
DPT-1 trial, nicotinamide was unfortunately ineffec-
tive in preventing diabetes (196). Several papers had
previously disputed the concept that nicotinamide
would be of benefit in preventing or treating Type I
diabetes (197,198).

Recently, Herold and colleagues have had success
in partially preserving insulin secretion in new-onset
patients with Type 1 diabetes who were treated with
an anti-CD3 monoclonal antibody (199,200). The mono-
clonal antibody is humanized to allow repeated use.

Eventual success in trials to prevent or treat
new-onset Type 1 diabetes will revolutionize the man-
agement of autoimmune diabetes (201). However, at
the present time, such intervention trials are to be con-
sidered strictly experimental (202). Islet beta cell and
stem cell transplantation is a promising field in beta
cell reconstitution (203–207).

PANCREAS, ISLET, AND STEM CELL
TRANSPLANTATION

Since the time of the first pancreas transplant in
December 1966, diabetologists have sought technolo-
gies aimed at restoring beta cell mass. Three general
approaches exist: (i) whole or partial pancreas trans-
plantation, (ii) islet transplantation, and (iii) cellular
engineering to produce beta cell equivalents.

In certain circumstances pancreas transplantation
is now an accepted modality for the treatment of Type 1
diabetes (208). Most pancreas transplants are per-
formed at the time of kidney transplantation with
both the kidney and the pancreas coming from the
same cadaveric donor. Less commonly, pancreas trans-
plantation is performed following an established
kidney transplant. In such cases the kidney and pan-
creas come from different individuals. Isolated
pancreas transplantation can be undertaken when a
patient with Type 1 diabetes has frequent, severe hypo-
glycemia but adequate renal function. As of October
2002, almost 19,000 pancreas transplants had been
carried out with about three quarters of these surgeries
performed in the United States.

The issue of pancreatic exocrine drainage is
significant: using various surgical techniques the

exocrine secretions can be drained into the bladder or
into the intestine. Technical failure rates vary between
approximately 7% and approximately 15% with blad-
der drainage superior to enteric drainage. Other data
favor enteric drainage over bladder drainage (209).
The most common reported cause of graft failure is
thrombosis. Other complications include pancreatitis
and rejection. Whether bladder or enteric drainage is
carried out, graft survival rates of 74% to 94% are
reported with patient survival rates of 92% to 100%.
Living donor pancreas transplants represent only 1 in
200 cases of transplanted individuals.

A successful simultaneous kidney–pancreas
transplant improves 7- to 10-year patient survival com-
pared with kidney transplantation alone, simultaneous
kidney–pancreas transplant with subsequent pancrea-
tic failure, and dialysis. With a successful pancreas
transplant, normal glucose homeostasis can be
achieved. Insulin levels are two- to threefold higher
than normal when the venous drainage of the pancreas
is routed systemically. However if the venous drainage
of the pancreas enters the portal vein, insulin concen-
trations are as expected for glucocorticoid-treated
renal transplant patients. Hypoglycemia becomes less
pronounced and diminishes in frequency. In the
nontransplanted kidney, after five years with a func-
tioning pancreas transplant and reversal of diabetes
for that length of time, the pathologic changes of
diabetic nephropathy recede. Because diabetic retino-
pathy may worsen initially following pancreas
transplantation, such patients require careful ophthal-
mologic follow-up. In patients without preexisting
retinopathy, retinal surgery is less often needed three
or more years after pancreas/kidney transplantation
than after kidney transplantation alone. Sensory
and autonomic neuropathies improve after pan-
creas transplantation. There is suggestive data that
improvements in macrovascular disease also occur
after pancreas transplantation. Quality of life is signifi-
cantly improved in pancreas recipients.

Despite the many potential and real benefits of
pancreas transplantation, this technique is available to,
and appropriate for, only a very small fraction of
the diabetic population. Overall there are currently
approximately 500,000 people with Type 1 diabetes in
the United States. The major challenges are the high cost
of transplantation and the limited numbers of organs.

The promise of islet transplantation is that beta
cell mass can be replenished without the surgical
risks of pancreas transplantation and without the
worries of vascular anastomoses or exocrine drainage.
By infusing the islets into the liver via the portal sys-
tem, the islets can seed a major target organ for insulin
action. As well, if there is a recurrent need for addi-
tional islets, a relatively simple intravenous injection
of islet cells can be carried out.

To perform islet transplantation, islets are iso-
lated from the donor pancreas (210). Collagenase is
infused intraductally. An automated digestion and
purification technique allows released islets to be
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progressively collected. Separation of islets from
nonislet tissue is accomplished by various ficoll
centrifugations. Prior to transplant, the islets are incu-
bated for 24 hours at 37�C.

Between 1983 and 2000, almost 500 islet trans-
plants were attempted throughout the world.
Transplanted islets must be protected from rejection
similar to any other allogeneic tissue or organ that is
transplanted. While being powerful immunosuppres-
sive agents, glucocorticoids produce insulin resistance
increasing the metabolic demand for insulin secretion
by the beta cells. The calcineurin inhibitors are also
directly toxic to beta cells. A glucocorticoid-free, siro-
limus-based protocol developed at the University of
Edmonton in Canada has produced the best islet
transplant results (203). At two years post-transplant,
70% of patients maintained insulin independence.
Transplanting sufficient numbers of islets is highly
problematic. Recent trials have isolated islets from
two pancreata prior to transplantation. This further
complicates the limited availability of pancreata for
pancreas or islet transplant. In contrast to pancreas
transplantation which is an accepted medical therapy,
islet transplantation is certainly still experimental.

Beta cell engineering has been studied in animal
models of human diabetes but the field has not pro-
gressed to the point where trials in humans are
being undertaken. Conceptually, beta cell-equivalent
cells could be grown in vitro and would be available
in unlimited quantities for transplantation. This is
the single most important aspect of this research com-
pared with pancreas or islet transplantation where a
donor is always needed. It is highly unlikely that there
will ever be sufficient pancreas donors to transplant
every patient with Type 1 diabetes.

Many novel approaches are being studied
that often involve stem cell technologies (211,212).
Nonendocrine cells may be genetically modified to ela-
borate insulin in response to glucose (206). This could
be carried out by gene therapy with an appropriate
mix of transcription factor genes to turn on the correct
genes for insulin production, glucose sensing, and
insulin release (213). As well, nonendocrine stem, pro-
genitor, or mature cells could be trans-differentiated
into functional beta cells. Alternatively, islet stem or
progenitor cells could be differentiated into beta cell
equivalents. Embryonic stem cells are another potential
cell source for differentiation into beta cells (214).
Despite our optimism, the development of beta cells
from stem cells is a daunting task (215). Some authors
suggest that prevention of autoimmunity or interfer-
ence in autoimmunity is a more reasonable short-term
goal for abrogating Type 1 diabetes (216).

CLINICAL APPROACH TO THE DIAGNOSIS
OF DIABETES

In lean children and adolescents that present with hyper-
glycemia, ketosis, polyuria, polydipsia, and weight loss,

the diagnosis of Type 1 diabetes is usually not in doubt
(Fig. 2). In such cases when the clinical diagnosis of
Type 1 diabetes is certain, islet autoantibody testing does
not add value to the management of the patient. While
several studies have examined the role of islet autoanti-
bodies in predicting the subsequent severity of
hyperglycemia following diagnosis, such information is
not sufficiently predictive to be of significant clinical
use. Therefore, islet autoantibody testing is not justified
to predict the clinical course of the disease.

There are situations where islet autoantibody
testing can be very helpful. As obesity affects a greater
and greater proportion of youth, it is possible to
develop Type 1 diabetes and be obese. This could
cause confusion with Type 2 diabetes. In such circum-
stances, any type of islet autoantibody positivity (ICA,
GADA, IA-2A, IAA) establishes the diagnosis of Type
1 diabetes. Nevertheless, there may still be insulin
resistance from the patient’s obesity and a more com-
plex picture of combined absolute insulinopenia and
peripheral insulin resistance.

Figure 2 Children with newly diagnosed diabetes who are lean, insulin-sen-

sitive and ketotic [or display diabetic ketoacidosis (DKA)] with weight loss are

diagnosed with Type 1 diabetes. Ketotic children and adolescents with obesity,

a family history of Type 2 diabetes mellitus (T2DM) and/or insulin resistance

should undergo islet autoantibody testing. If ICA, GADA, IA-2A, or IAA are posi-

tive, Type 1 diabetes is present. If these markers are negative, some form of

non-Type 1 diabetes (such as T2DM) is present. New-onset diabetes in chil-

dren that do not display ketosis, DKA or weight loss who are obese, have a

family history of T2DM and/or are insulin resistant have T2DM. Lean children

with new-onset diabetes that are nonketotic should undergo islet autoantibody

testing. If positive, Type 1 diabetes is present. If negative, some form of non-

Type 1 diabetes (such as maturity-onset diabetes of youth) is present. Abbre-
viations: ICA, islet cell cytoplasmic autoantibodies; GADA, glutamic acid

decarboxylase autoantibodies; IAA, insulin autoantibodies; IA-2A,

insulinoma-2-associated autoantibodies, TMA, thyroid microsomal autoantibo-

dies; TPOA, thyroperoxidase autoantibodies; TGA, thyroglobulin autoantibodies;

PCA, parietal cell autoantibodies; T1DM, Type1 diabetes mellitus.
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Another perplexing situation is the obese adoles-
cent African-American who presents with diabetic
ketoacidosis: is this Type 1 diabetes or Type 2 dia-
betes? There are reports in the literature of such
adolescents being noninsulin-requiring after recovery
from diabetic ketoacidosis (217) and possibly up to
25% of children with Type 2 diabetes present with dia-
betic ketoacidosis (218–221). Therefore, the lack of
islet autoantibodies in such a circumstance supports
the diagnosis of Type 2 diabetes.

Occasionally a lean youth presents with mild
diabetes that is nonketotic and noninsulin-requiring
for the control of hyperglycemia. The question arises
if this is very early-onset Type 1 diabetes. The absence
of any islet autoantibody suggests that a non-
autoimmune etiology should be investigated such as
maturity-onset diabetes of youth. Making the diagno-
sis of Type 1 diabetes is important: at the onset of Type
1 diabetes, rigorous early glycemic control has been
shown to prolong beta cell function which makes
the diabetes easier to control (222). If a youth does
have Type 1 diabetes, immediate and aggressive insu-
lin therapy should be instituted.

Because there are four main islet autoantibodies,
a short discussion of their use is valuable. The most
common islet autoantibodies are ICA and GADA,
being present in 70% of more of new-onset Type 1 dia-
betes cases. IA-2A is less common with an approximate
60% frequency at onset. Least common of the islet auto-
antibodies is IAA. IAA are detected in approximately
50% or less of new-onset children. IAA are far less
common in adults.

Based on the frequencies of the autoantibodies,
it can be argued that if only one islet autoantibody
is to be measured initially, it should be ICA or GADA
(Fig. 3). If ICA is measured first and is positive, no
further islet autoantibody testing is indicated to estab-
lish the diagnosis of Type 1 diabetes in a symptomatic

patient. On the other hand if GADA is measured first
and is positive, no other testing is indicated. If both
ICA and GADA are negative, IA-2A can be deter-
mined. If negative, IAA can be sought in children.

Figure 3 Based on the frequencies of the autoantibodies, it can be

argued that if only one islet autoantibody is to be measured initially, it

should be ICA or GADA. If ICA is measured first and is positive, no further

islet autoantibody testing is indicated to establish the diagnosis of Type 1

diabetes in a symptomatic patient. On the other hand if GADA is measured

first and is positive, no other testing is indicated. If both ICA and GADA are

negative, IA-2A can be determined. If negative, IAA can be sought in

children. Abbreviations: ICA, islet cell cytoplasmic autoantibodies; GADA,

glutamic acid decarboxylase autoantibodies; IAA, insulin autoantibodies;

IA-2A, insulinoma-2-associated autoantibodies.

Figure 4 If two autoantibodies are to be ordered, then either ICA or GADA should be measured or GADA and IA-2A should be measured. Abbreviations: ICA,

islet cell cytoplasmic autoantibodies; GADA, glutamic acid decarboxylase autoantibodies; IAA, insulin autoantibodies; IA-2A, insulinoma-2-associated

autoantibodies.
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Because IA-2A is not as common at the onset of Type 1
diabetes as either ICA or GADA, in single islet auto-
antibody testing strategies, testing should not start
with IA-2A.

If two autoantibodies are to be ordered, then
either ICA or GADA should be measured or GADA
and IA-2A should be measured (Fig. 4). Some refer-
ence laboratories do not offer ICA testing at their
own facility because it requires human pancreatic
substrate for indirect immunofluorescence. Neverthe-
less, there are university-based research laboratories
that do offer ICA testing on a commercial basis. Thus
those laboratories that do not offer ICA testing will
begin with GADA and IA-2 measurements. However
because ICA is more common at onset than IA-2A,
the combination of initial testing for ICA and
GADA would appear to have higher sensitivity
than GADA and IA-2A.

Using a cascade strategy to detect islet autoanti-
bodies in new-onset patients, one could test
sequentially for GADA/ICA, IA-2A and then IAA
and stop testing once one islet autoantibody was
found to be positive. However if ICA, GADA, and
IA-2A are all negative, the likelihood that IAA will
be positive in isolation is very low. It can be ques-
tioned if IAA testing should be included in such a
cascade scheme because of its rarity compared with
the other islet autoantibodies. While the biochemical
autoantibodies, GADA and IA-2A, provide many
methodological advantages over ICA testing, ICA
testing should not be abandoned because of its
higher specificity than GAD or IA-2A and its ability
to detect autoimmunity to several islet autoanti-
gens not detected by the single GADA or IA-2A
assays (223).

Whereas islet autoantibodies can be used to pre-
dict Type 1 diabetes, in the absence of effective
preventative therapies, islet antibody screening out-
side of research settings is not indicated (224).
Similarly while some success in preserving beta cell
function has been demonstrated using an anti-CD3
monoclonal antibody in new-onset Type 1 diabetes
(199), there is no routine recommendation to screen
new-onset Type 1 diabetes patients for islet autoanti-
bodies because the anti-CD3 therapy is experimental
at this point.

In the prediction of Type 1 diabetes in nondia-
betic individuals using islet autoantibody testing, it
is now clear that the presence of a single autoantibody
is not as powerful a predictor of the later development
of Type 1 diabetes as positivity for multiple islet auto-
antibodies. Clearly when multiple islet autoantibodies
are present, the risk for developing Type 1 diabetes
rises substantially (225–228). Furthermore, in children
when multiple-autoantibody-positivity-islet autoim-
munity is coupled with depressed first-phase insulin
response to intravenously administered glucose, risk
for Type 1 diabetes can exceed 50% over five years’
duration of follow-up and approaches 100% over
10 years.
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INTRODUCTION

Four distinct aspects of diabetes management: the
control of the disease, its prevention, the prevention of
complications, and its cure have occupied the minds
of physicians and researchers for decades. Since the
first recognition of diabetes as a clinical entity, utmost
attention has been paid to its control. Initial efforts
were directed toward the amelioration of the symp-
toms of polyuria and polydipsia eventually leading
to cachexia and ultimately to death within weeks or
months. Severe dietary restriction, especially, in the
intake of sugars and other carbohydrates, high fat
diets, and even complete starvation were the only
available strategies to achieve that goal prior to the
discovery of insulin. These therapeutic approaches
did not prevent but may have delayed death; how-
ever, it seems possible that the ‘‘ketogenic’’ type diet
may have contributed to the progression of the
final decompensation of the disease with ketosis and
ketoacidosis.

The discovery of insulin in 1921–1922 by Pau-
lesco in Romania and Banting and Best in Canada
(1–3) divided the history of diabetes into two. When
Banting and Best gave injections of pancreas extracts
as management for this disease in humans, the
expectations of the outcome changed drastically.
Survival beyond the first months after diagnosis
was now possible, starvation was not necessary,
and patients could recover from their initial cachexia.
Progressive refinement in the production of insulin
by the pharmaceutical industry led to improved puri-
fication techniques, which helped circumvent initial
problems with nonpurified pancreas extracts such
as local and generalized reactions and immune-
mediated inactivation of insulin. Years of research
and sophistication of molecular engineering have
led to the production of human insulin through
recombinant DNA technology and the design of
insulin analogs with specific pharmacokinetic pro-
files that allow extrarapid or protracted action of
injected insulin.

Metabolic Disturbances as a Consequence
of Insulin Deficiency

The hormone ‘‘insulin’’ has pervasive effects on over-
all energy homeostasis. The actions of insulin are
multifold, with major effect on protein and fat metab-
olism in addition to its key role on carbohydrate
metabolism. Insulin release is stimulated by dietary
intake (glucose, amino acids, and, to a much lesser
extent, fats and ketones). The body energy metab-
olism is alternatively under the direct control of
insulin during the prandial and immediate postpran-
dial periods, whereas it is probably under the control
of glucagon and epinephrine in the distal postpran-
dial periods, growth hormone and cortisol being
added during intervals of fasting. The release of insu-
lin from b-cells has been shown to occur in a pulsatile
fashion. The frequency of the insulin secretory bursts
varies among different species from every 4 to every
15 minutes. These bursts are thought to be the main
mechanism for basal insulin secretion, which is
regulated through neuronal, hormonal, and meta-
bolic pathways. The postprandial increase in insulin
secretion appears to be the result of an increase in
both the mass and the frequency of the secretory insu-
lin bursts. This has been equated to insulin bolus
secretion (4). There has been a resurgence of interest
of the role of incretins in the postprandial insulin
secretory response. Recent studies have focused on
glucagon-like peptide 1 and its analogs in the poten-
tiation of insulin secretion in response to dietary
carbohydrates and the possible therapeutic use
especially in Type 2 diabetes (T2D) (5–7) but also on
Type 1 diabetes (8). The overall effect in the normal
healthy individual is very narrow variations in the
concentration of all nutrients throughout the course
of each day, despite feasting and fasting cycles. These
well-regulated nutrient concentrations include glu-
cose, amino acids, triglyceride, cholesterol, ketone
bodies, and a number of energy intermediates such
as lactate, pyruvate, and glycerol. The extremes of
both hyper and hypoglycemia are avoided, as are



significant variations in lipid and protein concen-
tration. The failure of insulin secretion results in
a disruption of the normal tight regulation of
metabolism.

Hyperglycemia results as a consequence of
impaired peripheral glucose uptake and increased
hepatic glucose production, both from an increa-
sed rate of glycogenolysis and from an increased
rate of gluconeogenesis. Hyperlipidemia results from
a marked increase in the mobilization of preformed
fat in adipose tissues, and ketonuria results if this
process continues unabated, without intervention
of insulin therapy. The concentration of several
counter-regulatory hormones is increased, including
growth hormone, adrenocorticotropic hormone (corti-
cotropin), cortisol, glucagon, and, in extreme stress,
the catecholamines. The combination of insulin
deficiency and counter-regulatory hormone excess
complicates the metabolic picture further, exacerbat-
ing hyperglycemia, hyperlipidemia, and ketogenesis,
and leading to an increased rate of proteolysis and
gluconeogenesis, placing the individual in negative
nitrogen balance (9,10). Acidosis, an additional com-
plicating factor, ensues as the result of direct and
indirect effect of insulin deficiency. Increased serum
ketone concentration is the main cause of acidosis in
insulin deficiency. Buildup of excretable organic acids
resulting from decreased renal clearance and accu-
mulation of lactic acid resulting from anaerobic
metabolism of peripheral tissues are two additional
sources of acidosis occurring in the individual with
moderate-to-severe fluid deficit.

COMPONENTS OF MANAGEMENT
OF DIABETES IN CHILDREN

We are currently in the midst of a continuum of
changes in the strategies, techniques, and objectives
of Type 1 diabetes mellitus (T1DM) management.
These include techniques for the assessment of meta-
bolic control and new insulin formulations and
delivery systems. Practical aspects of diabetic care
are described in Vol. 1; Chap. 7.

Monitoring of Control
Blood Glucose Monitoring

The development of devices for self-monitoring of
blood-glucose revolutionized the management of dia-
betes. The widespread utilization of these monitoring
techniques has provided the patient as well as the
therapeutic team quantitative means of assessing
metabolic status over time. Reflectance photometry
and electrochemistry are the most common tech-
nologies used in the home blood-glucose meters.
Both technologies depend on an enzymatic reaction
between the glucose present in the blood sample
and glucose oxidase, glucose dehydrogenase, or hex-
okinase. The concentration of glucose is determined

indirectly by quantification of the intensity of a
colored product of such reaction in the reflectance
meters and by the quantification of the number of
electrons generated during the oxidation reaction in
the electrochemistry meters. There have been steady
improvements in the accuracy and simplicity in the
home blood-glucose monitoring meters that use smal-
ler amounts of blood and take shorter time to display
results, thus making measurement of fingerprick glu-
coses much easier for patients. Some meters give
results very close to standardized laboratory measure-
ments (11). In general, the meters that use glucose
oxidase methodology have received the widest
acceptance, being the most specific for glucose mea-
surements. Nevertheless, interference by medications
may occur (12). The current excitement in glucose
monitoring strategies has been the rapid advancement
of continuous glucose monitoring sensing techniques
by a number of manufacturing companies. These
monitors are currently undergoing critical evaluation
(13,14) with recent publications suggesting fairly good
accuracy in the hyperglycemic range but insufficient
sensitivity and specificity for accurate detection of
hypoglycemia (15). A recent randomized clinical trial
in insulin-requiring T1DM and in Type 2 diabetics
supporting the utility of continuous monitoring in
detecting both unsuspected hypoglycemia and hyper-
glycemia and allowing patients to make appropriate
therapeutic adjustments remains to be confirmed in
the pediatric population (16).

Glycosylated Hemoglobin

The advent of methodologies to measure glycosylation
in 1979 revolutionized the assessment of metabolic
control in diabetes, providing clinicians with ‘‘the test
that does not lie’’; however, its interpretation has often
been hampered because of interlaboratory variations
that preclude accurate comparisons for individuals as
well as for clinical trials. Progress is being made toward
international standardization of techniques (17,18).
Because the Diabetes Control and Complications
Trial (DCCT) used high-performance liquid chro-
matography for the measurement of glycosylated
hemoglobin, this continues to be the gold standard.
The advantage of refinements to this technique is the
ability to detect abnormal hemoglobins that might
interfere with the measurement of hemoglobin A1C.In
the presence of hemoglobinopathies, affinity chromato-
graphy is the methodology of choice (19) with
measurements of total glycosylated hemoglobin (i.e.,
HbA1AþA1BþA1C and glycosylated abnormal hemo-
globins such as HbC, HbS, or HbF). Most laboratories
report the results as a calculated HbA1C.. Desktop
devices for rapid measurements of HbA1C (DCA
2000) are increasingly used with results available
within minutes at the time of the patient–clinician
interaction (20). The accuracy of those methodologies
in the higher ranges is steadily improving. New single
home-use, disposable technologies to measure HbA1C
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are being introduced. Currently, the correlation with
gold standard methods is variable but improving,
and the concept is very promising (21).

Insulin Therapy

The last 20 years have witnessed major changes in
all aspects of insulin therapeutics. Improvement
in manufacturing techniques has resulted in remark-
ably increased purity of commercially available
insulin preparations. Mixed beef and pork insulin,
formerly the standard of therapy, has been basically
removed from the marketplace. Highly purified
pork insulin is now withdrawn from the U.S. market
after several years of availability. Human insulins
produced by recombinant DNA technologies, which
replaced the animal extracted insulin preparations,
are now being displaced by new synthetic insulin
analogs.

The use of insulin analogs has grown sig-
nificantly and has the theoretical advantages over
regular insulin as well as intermediate and long acting
[Neutral Protamine Hagedorn (NPH), Lente, Ultra-
lente], which have nonphysiologic peaks in their
pharmacokinetic profile. Insulin analogs engineered
to provide either extrarapid action or prolonged,
peakless pharmacokinetics and thus more physiologic
actions may allow much more precise ‘‘tailoring’’ of
an individual patient’s insulin therapeutic needs on
the basis of the individual’s personal lifestyle (22,23)
with less risk of hypoglycemia. The improvement of
insulin infusion devices, both external and implanted,
also provides the potential for more physiologic insu-
lin delivery (24). The prospect of ultrasonic enhanced
transdermal delivery of insulin and oral insulin ther-
apy has been considered as a potential way to treat
diabetic patients. Trials of inhaled insulin are ongoing
in adults and children (25–30).

With these methodological advances has come
an increasing interest in attempting to normalize
energy metabolism, with the anticipation that this will
eliminate or reduce the serious vascular complications
of diabetes. This therapeutic approach has been
improperly referred to as ‘‘intensive insulin therapy’’
rather than the more appropriate intensive diabetes
therapy (31). Unfortunately, many, both physicians
and patients, have concluded that the way to improve
diabetes management is simply to give insulin more
often. This is a serious misconception. Intensive dia-
betes therapy also includes the need for intensive
blood-glucose monitoring, frequent measurements of
glycosylated hemoglobin, and close attention to lipid
abnormalities, blood pressure, and dietary and
activity regimens.

Successful therapeutic management of the child
and adolescent with diabetes mellitus requires a
highly integrated four-pronged approach: insulin
administration, dietary management, physical activity,
and education and emotional support (32–35).

Insulin Requirements

Initial insulin requirements during preadolescence are
approximately 1.0 unit/kg/day. A partial remission,
referred to as the ‘‘honeymoon period,’’ is identified
as a decline in insulin requirement below 0.5 units/
kg/day associated with very good metabolic control
as measured by near-normal glycosylated hemoglobin
levels. This occurs with increasing frequency and dur-
ation in newly diagnosed patients after the first
several weeks since diagnosis, with the nadir in insu-
lin requirement reached on average between 12 and
16 weeks after diagnosis. During this period, insulin
doses must be carefully adjusted downward to pre-
vent hypoglycemia. In some cases, the evening dose
needs to be entirely eliminated. This is particularly
true in those children in the under six-year age group.
It is our impression that the duration of this remission
period is usually longer than experienced in the past
and, in some cases, may last longer than two years
before increasing insulin needs are again expressed.
The maintenance of some residual C-peptide secretion
by intensive therapy must be a goal of treatment in
view of the beneficial effects on the prevention of
microvascular complications seen in the DCCT (36).
Eventually, in all patients, insulin requirements begin
to climb after the nadir of remission and generally
plateau at about 0.8 to 1.2 units/kg/day in the
preadolescent and somewhat above this in the ado-
lescent child. Pubertal development is associated
with increased insulin requirements secondary to
insulin resistance induced by changes in the hormonal
milieu. It is not infrequent to find adolescent patients
who require 1.5 to 1.8 units/kg/day in order to main-
tain target HbA1C levels (37).

Available Insulin Preparations

Three major groups of insulin preparations have been
available sequentially since the discovery of insulin:
(i) insulin extracted from animal pancreases, specif-
ically beef, beef–pork, and pork insulin, (ii) human
insulin produced by recombinant DNA technology,
and (iii) insulin analogs, also produced by recombi-
nant DNA technology with the introduction of
molecule modifications that change the pharmacoki-
netic profile (Table 1).

Highly purified pork insulin was the longest
survivor of the first group; however, its production
has been discontinued at the time of writing this
chapter. The advent of recombinant human insulin
led to the general wisdom that this should be the insu-
lin of choice due to both theoretical and practical
advantages. Immune alterations of the action of
exogenous animal insulin were a main concern; how-
ever, insulin antibody formation was the same when
using pure pork and human insulin. Severe hypogly-
cemia without the typical hypoglycemic symptoms
was described more frequently in patients treated
with human insulin preparations leading to the
controversial suggestion that there is something
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uniquely different about the body’s response to
human insulin that increases the likelihood of
hypoglycemia (38,39). Different human insulin
formulations, each with its own pharmacokinetic pro-
file, were produced by adding other compounds (such
as protamine, Zinc, etc.) to the preparation without
manipulating the insulin molecule itself. This led to
the production of regular insulin, also called crystal-
line insulin (Fig. 1A), NPH, Lente, and Ultralente
insulins. According to the experience of a multicenter
study, one of the major disadvantages of human ultra-
lente insulin in the pediatric population was its
prolonged peak and increased frequency of hypogly-
cemia when compared to pork-NPH (Becker,
unpublished). These preparations, particularly Lente
and Ultralente, have been used less frequently over
the last few years and have practically disappeared
from the therapeutic armamentarium, which still
includes regular and NPH insulin formulations. The
latter have been increasingly replaced by the new
insulin analogs with new preparations recently intro-
duced. Key modifications to the insulin molecule are
the basis for the design of insulin analogs. These
modifications are responsible for a change in the phar-
macokinetic profile by altering the speed of release of
insulin from the subcutaneous tissue into the circu-
lation, but do not affect the interaction of the insulin
molecule with its receptors.

The introduction of insulin lispro, a rapid-acting
insulin analog, in the last decade, has broadened the
repertoire of therapeutic options. Insulin lispro is syn-
thetically produced by recombinant DNA technology

introducing a reversal of the natural occurring
sequence of proline and lysine in positions B-28 and
B-29, respectively, to LysB28 and ProB29 (Fig. 1B). It
is highly homologous with human insulin; yet, it does
not self-associate into dimers as human insulin does.
The stabilized hexamer complexes of insulin lispro
immediately dissociate into monomeric subunits
upon injection into the subcutaneous tissue. This
characteristic confers insulin lispro at least three dif-
ferences when compared to human regular insulin:
the action starts earlier (5–15 minutes), the peak insu-
lin concentration in plasma is higher (more than
double), and the duration of action is shorter (less
than four hours). Similar pharmacokinetic profiles
are found in newer analogs, i.e., insulin aspart and
insulin glulisine. Insulin aspart is also produced by
recombinant DNA technology, substituting proline
in position B28 by aspartatic acid (Fig. 1C). This single
substitution reduces the molecule’s tendency to form
hexamers and, like lispro, it is therefore more rapidly
absorbed after subcutaneous injection than regular
human insulin (40–42).

Insulin glulisine has been engineered so that the
amino acid asparagine in position 3 of the b-chain has
been replaced by lysine and the amino acid lysine in
position 29 of the b-chain has been replaced by
glutamic acid. Safety and efficacy studies in children
have been recently published (Fig. 1D) (43). The
replacement of human regular insulin by ultra–
short-acting analogs has been shown to decrease the
frequency of hypoglycemia in randomized trials in
children (44–48).

Table 1 Insulin Preparations in the United States

Insulin type Brand name Laboratory Onset of action Peak

Duration of

action pH CSII IV use

Nonhuman Insulins
Pork Regular Iletin II Regular Lilly 0.5 to 1 hr 2 to 4 hr 6 to 12 hr Neutral No Yes

Pork-NPH Iletin II NPH Lilly 1 to 2 hr 4 to 14 hr 10 to > 24 hr Neutral No No

Pork Lente Iletin II Lente Lilly 1 to 3 hr 6 to 16 hr 12 to > 24 hr Neutral No No

Human Insulins
Human Regular Humulin R Lilly 0.5 hr 2.5 to 5 hr 5 to 8 hr Neutral No Yes

Novolin R Novo-Nordisk 0.5 hr 2.5 to 5 hr 5 to 8 hr Neutral No Yes

Human-NPH Humulin N Lilly 1 to 2 hr 4 to 14 hr 10 to > 24 hr Neutral No No

Novolin N Novo-Nordisk 1 to 2 hr 4 to 14 hr 10 to > 24 hr Neutral No No

Human Lente Humulin L Lilly 1 to 3 hr 6 to 16 hr 12 to > 24 hr Neutral No No

Human Ultralente Humulin U Lilly 4 to 8 hr 10 to 30 hr 18 to > 36 hr Neutral No No

Premixed insulins
NPH þ Regular Humulin 70/30 Lilly 0.5 hr 4 to 8 hr 24 hr Neutral No No

Novolin 70/30 Novo-Nordisk 0.5 hr 4 to 8 hr 24 hr Neutral No No

Lis-pro Protamin/

Lispro

Humalog Mix 75/25 Lilly <0.5 hr 0.5 to 1.5 hr/2

to 4 hr

6 to 12 hr Neutral No No

Aspart Protamine/

Aspart

Novolog Mix 70/30 Novo-Nordisk <0.25 hr 1 to 4 hr 12 to 24 hr Neutral No No

Rapid analogs
Lis-Pro Insulin Humalog Lilly <0.5 hr 0.5 to 1.5 hr <6 hr Neutral Yes No

Aspart Insulin Novolog Novo-Nordisk <0.25 hr 40 to 50 min 3 to 5 hr Neutral Yes No

Insulin glulisine Apidra Aventis <0.25 hr 55 min <6 hr Neutral Yes No

Long-acting analogs
Insulin Glargine Lantus Aventis 1 to 2 hr No true peak 24 hr Acid No No

Insulin Detemir Levemir Novo-Nordisk 1 to 2 hr No true peak 24 hr Neutral No No

Abbreviation: NPH, neutral protamine hagedorn.
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Figure 1 Schematic representation of the amino acid

sequence of insulin and the currently available analogs:

(A) regular insulin, (B) insulin lispro, (C) insulin aspart,

(D) insulin glulisine, (E) insulin glargine, (F) insulin detemir.
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More recently, long-acting insulin analogs have
been synthesized with the idea of providing peak-
less basal insulin concentrations. Also produced by
recombinant DNA technology, these analogs are
designed to have a longer duration of action by chan-
ging their isoelectric point (e.g., insulin glargine) or by
promoting their binding to serum proteins such as
albumin through the addition of fatty acids to the
insulin molecule (e.g., insulin detemir) (40).

Insulin glargine has already been approved by
the Food and Drug Administration (FDA) and is
widely used in the United States. Two arginine mole-
cules are added at the C-terminus of the b-chain. With
these two extrapositive charges, the isoelectric point
changes, rendering a molecule that is soluble at a
more acidic pH and less soluble at the physiologic
pH of the subcutaneous tissue. Another modification
of the molecule, a substitution of asparagine in pos-
ition 21 of the a-chain by glycine, is intended to
protect it from deamidation and dimerization that
would otherwise occur in the acidic solution in which
it is formulated (Fig. 1E). The acidity of its formu-
lation (pH: 4.0) allows insulin glargine to remain
soluble. Once injected in the subcutaneous tissue,
the solution is neutralized and forms microprecipi-
tates from which insulin glargine is slowly released,
providing virtually no peak concentrations and dur-
ation of action for at least 24 hours (49).
Disadvantages of this type of insulin include the fact
that it cannot be mixed with any other type of insulin,
and, therefore, two separate injections must be given
when the action of rapid insulin is needed at the same
time. The acidic pH of the preparation seems to be
responsible for a sensation of burning in the site of
injection in some patients. Large multicenter trials
of the effectiveness of these newer analogs in the pedi-
atric population are being conducted in the United
States. The use of insulin glargine has decreased the
frequency of hypoglycemia in clinical trials (50).

Insulin detemir has just been approved in the
United States in patients over six years at the time
of writing this chapter. It has become popular in Eur-
ope. Insulin detemir is also considered a long-acting
insulin analog providing ‘‘basal’’ insulin action with
a duration of action for up to 24 hours. It is also pro-
duced by recombinant DNA technology. The amino
acid threonine in position B29 is omitted, and a 14-
carbon fatty acid (myristic acid) is attached to LysB29
(Fig. 1F). By virtue of this addition, insulin detemir
increases its binding to serum proteins such as
albumin. Slow release of insulin from albumin deter-
mines its pharmacokinetic profile characterized by
the virtual absence of a peak and a prolonged dur-
ation of action (51) and has less variability in action
than both NPH and glargine in adults (52). The phar-
macokinetic profile of insulin detemir has been found
to be consistent in children and adolescents (53).

It should be possible in the near future to tailor
the individual patient’s insulin management carefully
to personal lifestyle and changing requirements. The

availability of this new family of synthetic insulins
will make the demise of animal insulin less painful
for all of us.

Premixed insulins are an additional tool in the
therapeutic repertoire. Highly popular for the man-
agement of insulin-requiring adults with T2D, their
use in the treatment of T1DM in children and adoles-
cents is less common in the United States and, in
our experience, mostly restricted to adolescents who
display poor compliance with their insulin adminis-
tration, especially with regimens requiring multiple
daily injections (MDI). The inability to adjust doses
according to planned food intake, meal plans, or
ambient blood sugars is the major drawback for the
use of these combinations in children (54). Available
premixed insulin preparations include combinations
of NPH and regular insulin in a 70% to 30% ratio,
lispro protamine and lispro insulin in a 75% to 25%
ratio, and aspart protamine and aspart insulin in a
70% to 30% ratio.

Insulin Management Strategies

When insulin preparations with intermediate or pro-
longed duration of action such as protamin insulin
(Hagedorn) and zinc protamin insulin (Scott and Fisher)
in the mid-1930s, isophane insulin (Krayenbuhl
and Rosenberg) in the mid-1940s and slow insulins
(Hallas-Moller) in the early 1950s became available,
insulin regimens were designed to provide insulin
coverage for the 24-hour period with the minimum
possible number of injections.

All these preparations were characterized by a
distinct peak of action occurring several hours after
being injected. The presence of such a peak was at
the same time an advantage and a drawback. The
advantage was the ability to provide robust insulin
coverage for a meal taken several hours after the insu-
lin injection, obviating the need for an additional shot
at the time of that meal. The drawback was the
increased risk of hypoglycemia at the time of that
peak if not matched by timely food intake. One or
two insulin doses per day given as combinations of
‘‘intermediate-’’ and ‘‘rapid’’-acting insulin prepara-
tions became the standard of care. This strategy,
later called ‘‘conventional insulin management’’ and
popular for several decades, was challenged by the
DCCT, which demonstrated that ‘‘intensive therapy,’’
defined as the use of MDI (three or more) of insulin
or continuous subcutaneous insulin infusion (CSII)
via pump, along with more frequent blood-glucose
monitoring, timely adjustment of insulin doses
according to blood-glucose levels, dietary intake and
anticipated exercise, and more frequent visits to the
therapeutic team, was effective in delaying the onset
and slowing down the progression of diabetic retino-
pathy, nephropathy, and neuropathy in adult and
adolescent patients with T1DM (Table 2) (55).

There had already been a gradual movement
toward intensification of diabetes management,
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climaxed by the results of the DCCT. The term ‘‘inten-
sive insulin therapy’’ has unfortunately become
embedded in our terminology and to the uninitiated
may be interpreted to mean that overall diabetes man-
agement can be improved simply by increasing the
frequency of insulin administration. The proper mess-
age, of course, is that improved results are
accomplished in the great majority of patients only
with intensification of all aspects of management.
The ‘‘therapeutic set’’ of the diabetes team, with full
cooperation of the patient and family, is directed
toward achieving either optimal management utiliz-
ing whatever resources are available or something
less. The concept of conventional versus intensive
management must be set aside. We must under-
take to do the very best we can with each patient,
understanding that there are major differences in
resources and abilities as well as many barriers to
the achievement of near metabolic normality (56–59).

Fixed Meal-Insulin Regimens

Two-Shot-per-Day Regimen. While very young chil-
dren could previously be reasonably managed
using a two-shot-per-day split-dose regimen of
pork-NPH insulin plus lispro insulin (or regular
insulin) given before breakfast and before the
evening meal, the same was not the case when
using this schedule with human NPH insulin.
The shorter time course of human NPH, parti-
cularly overnight (60), did not provide adequate
glucose control, leading to morning hyperglyce-
mia. Attempts to improve this by raising the
dose increased the likelihood of nocturnal hypo-
glycemia. The recent complete withdrawal of
pork insulin from the market has prompted an
abandonment of this therapeutic strategy among
most pediatric diabetologists.

Three-Shot-per-Day Regimen. Moving the evening
dose of human NPH to bedtime was instituted to
solve the above-mentioned difficulty; however,

short-acting insulin was still needed to cover the
evening meal. This was the origin of the three-
shot-per-day regimen consisting of a combination
of human NPH and regular insulin, and later a
rapid-acting analog at breakfast, a rapid-acting
insulin at the evening meal and glargine or human
NPH usually with a small dose of rapid-acting
insulin given at the bedtime snack. This has been
a widely used regimen in children, with the recent
advantages of the short-acting analogs being
lower post-prandial blood-glucose levels and less
hypoglycemia, and thus theoretically better hypo-
glycemia awareness and counter-regulation in
response to low blood sugars. An additional advan-
tage of rapid-acting analogs in pediatric patients,
especially in infants, whose food intake is often
unpredictable, is the administration after eating
due to their rapid onset of action, allowing for
adjustments based on food intake.

Basal-Bolus Regimens

Multiple Daily Injections. The advent of long-acting,
relatively peakless insulin analogs has allowed the
design of insulin regimens, which more closely
resemble the physiologic insulin secretion pattern,
i.e., the basal insulin secretion and the meal-
induced insulin bursts (bolus). The former is
provided by the long-acting analogs, and the latter
is provided as injections of short-acting analogs at
the time of the meals. The same principle is used
in CSII through insulin pumps. The basal-bolus
regimen based on the use of insulin glargine, for
instance, either one or twice daily at bedtime snack
or at breakfast and the administration of a rapid
analog with meals and snacks, provides great flexi-
bility close to that of the insulin infusion pump, and
increases the chances for good control in highly
motivated patients.

Basal-bolus regimens have also prompted a
change in the paradigm of insulin dose calculation.
A transition is evolving from a ‘‘reactive’’ approach
represented by the all so frequently used ‘‘sliding
scales’’ designed to provide smaller doses of short-
acting insulin when the blood sugar is lower and
larger doses when the blood sugar is higher in a
preset continuum of ranges, to a more ‘‘proactive’’
approach represented by a dual calculation of each
dose of short-acting analog based on (i) the expected
food intake and (ii) the current level of blood-glucose.
The former calculation is, at the present time, based
on the amount of carbohydrates contained in the meal
to be ingested. Controversy exists as to how other
macronutrients such as proteins and fats should also
be taken into consideration. Nevertheless, for the sake
of practicality and simplicity, using carbohydrates
alone seems to be a reasonable practice if protein
and fat are kept constant. Insulin to carbohydrate
(I:CHO) ratios are initially estimated according to
the patient’s weight and modified thereafter depend-
ing on the need. Tables to calculate initial I:CHO ratios

Table 2 Examples of Insulin Regimens

Regimen Insulin preparations Times

Two-shot-

per day

Human NPH (N) Breakfast: N þ R/Log

Regular (R) or rapid analog

(Log)

Dinner: N þ R/Log

Three-shot-

per day

Human NPH (N) Breakfast: N þ Log

Rapid analog (Log) Dinner: Log

Bedtime: N þ Log

Basal-bolus Insulin glargine (Glar) Meals and snacks: Log

Rapid analog (Log) Breakfast or HS

snack: Glar

Combination

regimen

Insulin glargine (Glar) Breakfast: N þ Log

Human NPH (N) Lunch: no insulin

Rapid analog (Log) Dinner: Log

HS snack: Glar þ Log

Abbreviation: NPH, neutral protamine hagedorn.
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depending on body weight are available and typically
range from 1 unit for every 5 g of carbohydrate in the
heaviest individuals to 1 unit for every 50 to 100 g of
carbohydrate in the smaller patients. It should be
noted that these tables do not take into account the
huge variability of insulin sensitivity in children
related to pubertal status, physical fitness, etc. The
second calculation frequently referred to as the ‘‘cor-
rection’’ is, in principle, the same as the previously
used sliding scales. However, a mathematical calcu-
lation via a simple formula allows more precise
computation of the insulin dose. The correction
formula typically used is:

Correction ¼MBG� T

ISF

where MBG is the measured meter blood-glucose, T is
the target blood-glucose, and ISF is the insulin-
sensitivity factor. The target blood-glucose can be
modified depending on the circumstances such as
the age of the patient or the time of the day. Typically,
higher targets are set for younger individuals and for
the bedtime insulin dose calculation. The insulin sen-
sitivity factor represents the theoretical number of
points (mg/dL) of blood-glucose dropped by one unit
of insulin and was devised in adults. Several ways of
figuring out the initial calculation of ISF have been
proposed. A common one is dividing 1800 (1900 in
children younger than eight years of age) by the total
daily dose of insulin required by a patient. These for-
mulas also do not take into account individual
variations in insulin sensitivity as described above
and usually have to be adjusted.

Using a formula instead of a sliding scale is
hoped to be useful in patients on CSII (see below).
Current pumps have a computer where the para-
meters of the calculation (T,ISF) can be preentered
and the MBG can be entered at the time of insulin
dosing. The computer automatically calculates the
correction dose. Current pumps can administer
fractions of a unit of insulin, which is commonly the
result of the calculation with the formula and may
be important in small children; this is in contrast to
injections when rounding down or rounding up
becomes necessary in those circumstances. When the
current MBG is lower than the target, a negative
dosing is calculated and the pump’s computer sub-
tracts this amount from the dose calculated based on
I:CHO ratio. Studies are currently being designed to
critically assess what the best formulae are, and
whether their introduction provides a real rather than
a theoretical improvement in glycemic control.

Continuous Subcutaneous Insulin Infusion Therapy. In
the early days of insulin pumps in the 1980s, we
developed an extensive pump experience with
our adolescent patients. Their initial metabolic
response was gratifying in terms of decreasing gly-
cosylated hemoglobin and blood-glucoses. As we

followed these patients over time, however, the
enthusiasm for living with a pump declined and
their compliance with the intensive therapeutic
regimen diminished. Thus, the early successes were
lost. At that time, we concluded that the rigors of
insulin pump therapy with the available pumps
were such that few children or adolescents would
adapt successfully to it and essentially discontin-
ued pump use in our general clinic population (61).
More recently, however, the advances in deli-
very systems have made pump therapy much easier
for the patient with more reliable insulin delivery
and less complications. The potential for success
with pump therapy has been demonstrated in care-
fully selected patients who are either very mature
and have made a clear commitment to improved
health or have very dedicated families. Determin-
ing patient eligibility for CSII therapy has been a
subject of controversy. Among the factors involved
in this equation are the age of the patient, the
degree of prior glycemic control, and multiple
psychological, familial, cultural, and socioeconomic
issues. The American Diabetes Association (ADA)
suggests four basic conditions that should be met
by the patient to increase the chances of obtaining
benefit from CSII: (i) motivation, (ii) willingness to
work in conjunction with the health care team,
(iii) ability to demonstrate understanding of the
technical aspects of correct use of the pump and,
(iv) capacity of obtaining and interpreting the data
to make decisions regarding pump programming
(62,63).

Variations of the patient’s age and the degree of
prior glycemic control are major factors for the
accounting heterogeneity of eligibility criteria for CSII
in different centers. While some centers have been
more liberal with the use of insulin pumps in younger
patients including young children and even infants,
others prefer to reserve this mode of therapy for older
children, adolescents, and young adults capable of
independent decision-making. The involvement
of parents or caregivers is a sine qua non in the
former group. The parental share of responsibility
approaches 100% in the youngest patients, and should
decrease in the older ones, although at least a certain
degree of supervision continues to be highly recom-
mended in the latter. It has been shown that
improvement of glycemic control achieved by ado-
lescent patients with the participation of their
parents or responsible adults decreases significantly
when these patients are left on their own (64), most
probably reflecting a decrease in the frequency of
blood-glucose monitoring and/or failure to give pre-
meal insulin boluses. Poor judgment at the time of
deciding on pump programming and bolus calcu-
lation according to the blood sugar level, the food to
be eaten, and the amount of exercise predicted for
the next minutes or hours would be additional
concerns in some adolescents managed through CSII
without parental involvement.
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Our most recent experience with CSII showed
that metabolic control improved in patients switched
from MDI to CSII as manifested by a decrease of
0.5% of HbA1C at three and six months after initiation.
HbA1C levels at 9 and 12 months after initiation of
CSII was not significantly different from baseline.
A similar difference in HbA1C levels was observed
between patients managed with MDI versus patients
on CSII during the same observation period with
lower HbA1C levels in the latter. The patients who
had a worsening of their diabetic control when
switched to CSII were older than the patients who
improved. They also had higher baseline levels of
HbA1C. Therefore, we found that the patients more
likely to improve the metabolic control are those
who have better control to begin with as compared
to the patients with poorer control, who are older ado-
lescents, and tend to worsen.

A beneficial effect of CSII found by others and us
is the reduction in the frequency of severe hypoglyce-
mia. We have not seen increase in body weight in
patients managed with CSII as it occurred in the
DCCT. Despite the lack of improvement in metabolic
control in older adolescents with poorer control,
reduction in the frequency of diabetic ketoacidosis
(DKA) has been reported (65). However, in our clinic,
this is frequently not achieved.

Approximately one-third of DCCT intensively
managed patients were on an insulin infusion device.
The general experience did not clearly document a
benefit of either pump or multiple dose injection ther-
apy. Since then, uncontrolled studies have suggested
improved glycemic control and less hypoglycemia in
children and adolescents in CSII (66), although similar
results are not universal (67). Our own experience
suggests that CSII does not improve glycemic control
in those with high HbA1C but can improve quality of
life. The biggest risk is exaggerated expectations
of pump therapy. Successful implementation of CSII
therapy requires a dedicated, experienced team of
diabetes caregivers available for very frequent
telephone contact.

Insulin Dose Adjustments

By applying glucose goals derived from self-monitoring
of blood-glucose, insulin adjustments are made as
necessary to attempt continually to bring the patient’s
glucose variation into the target range. Of course, diet
and exercise alterations are also considered and applied
as necessary.

For the fixed insulin-meal regimens, we use a
‘‘10% rule’’ in terms of insulin changes. By summing
the total insulin dose and dividing by 10, one
obtains the number of units of insulin that is generally
safe to increase or decrease in a patient who requires
change. If the patient’s blood-glucose levels are gener-
ally high throughout, then the distribution of the
increase follows the current distribution, usually
two-thirds added to the morning and one-third to

the evening dosage. On the other hand, if the patient
has a particular time point, for example before dinner,
that is persistently out of range, then the dose modi-
fication applies only to the morning or lunch time
insulin and the amount is determined by 10% of the
morning dose. Again the distribution between NPH
insulin and regular insulin or insulin lispro depends
upon both pre- and postprandial blood-glucose levels.
In the asymptomatic patient, we prefer to make insu-
lin adjustments relatively slowly, after three to five
days on a particular dose. On the other hand, if the
patient is symptomatic and/or ketonuric, one must
be more aggressive in moving toward a more accept-
able blood-glucose excursion. Most patients are
provided with insulin scales for their short-acting
insulin doses. Additional modifications can be used
in anticipation of planned activity, food intake, and
to correct current hyperglycemia.

Insulin dose adjustments in the basal-bolus
regimens should distinguish between these two com-
ponents. In order to assess the dose of the basal
insulin (i.e., the long-acting analog in the injection
regimen or the basal rate in CSII), a meal and its asso-
ciated bolus can be skipped. The blood sugar obtained
prior to the following scheduled meal reflects the
adequacy of the basal insulin dose during that period
of the day. To assess the adequacy of the bolus
calculation, a two-hour postprandial MBG should be
obtained. As described above, formulas to assess
boluses are a starting point and usually have to be
adjusted up or down.

Somogyi Effect and Dawn Phenomenon

A very common management problem is illustrated
by the child whose fasting blood-glucoses are consist-
ently elevated. The usual strategy is to increase
the evening intermediate-acting insulin (NPH) or the
long-acting analog until fasting blood-glucoses are
satisfactory. The common complication of this tech-
nique is that nocturnal hypoglycemia may be
induced, with or without counter-regulatory hormone
secretion recovery by the next morning. Nocturnal
hypoglycemia is often masked by counter-regulation
or waning of insulin action. This is particularly true
with human insulin because of its shorter duration
of action. The concept of the Somogyi phenomenon
causing rebound hyperglycemia in the morning has
been challenged although counter-regulation can
account for post hypoglycemic euglycemia. Rebound
hyperglycemia probably only occurs after active food
therapy of low blood sugars (though this is not well
reported in children).

If fasting glucose levels are elevated when a regi-
men with NPH or glargine given at bedtime is used,
the addition of a short-acting analog at the bedtime
dose may be beneficial, allowing a decrease of
the dose of NPH or glargine to lower the risk of hypo-
glycemia in the middle of the night while controlling a
hyperglycemic excursion as a result of the snack
(68,69).
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Elevated plasma glucose concentrations in the
morning after 5 A.M. without preceding hypoglycemia
characterize the ‘‘dawn’’ phenomenon. This occurs as
a result of increased insulin requirements in the early
morning, which could be related to either increased
insulin clearance or decreased insulin action. An early
morning surge of growth hormone, one of the insulin
counter-regulatory hormones, has been hypothesized
as a causal factor. Whether or not long-acting insulin
analogs are able to avoid this morning rise in blood-
glucose levels as a result of the dawn phenomenon
in children and adolescents remains to be demon-
strated in larger-scale pediatric trials. The use of
CSII makes the management of the Somogyi and
dawn phenomena much easier by manipulation of
the basal rates.

Adjustments for Elective Surgery
and Other Procedures

Children with diabetes undergoing elective surgery or
other procedures which require fasting need to have
appropriate insulin management before, during, and
after the procedure. It is always a good idea to sched-
ule these interventions all in the morning for several
reasons: (i) the overnight natural fasting is usually
adequate for anesthesia, (ii) the first scheduled pro-
cedure is less likely to be postponed, avoiding
unnecessary prolongation of fasting with the con-
comitant risk for hypoglycemia, and (iii) insulin
dose adjustments are easier and interfere less with
the reinitiation of the home regimen. General guide-
lines may need modifications in certain
circumstances. The recommendation in patients
receiving a fixed meal-insulin regimen is to provide
the usual doses of insulin the day before the inter-
vention and to initiate fasting after midnight. One
half to two-thirds of the intermediate insulin dose
without fast acting insulin—unless the blood-glucose
is high—is given in the morning prior to the pro-
cedure. The use of dextrose-containing intravenous
fluids at maintenance rate is usually appropriate.
The home insulin regimen can be restarted when the
patient has finished the postoperatory recovery and
is allowed to eat. In patients managed with a basal-
bolus regimen, the recommendation is to keep the
basal insulin (long-acting analog or basal rate through
an insulin pump) unchanged and skip the breakfast
bolus.

Adjustment for Exercise

Increased energy expenditure during exercise cau-
sing hypoglycemia is a well-known phenomenon
requiring appropriate decreases in insulin doses or
increased food intake. In contrast, acute stressful
exercise can cause hyperglycemia due to release of
hormones that antagonize insulin action (glucagon,
growth hormone, epinephrine). The standard
recommendation of providing 15 g of carbohydrate
of rapid absorption may be insufficient to treat

exercise-induced hypoglycemia in children and ado-
lescents (70). Post-exercise hypoglycemia is often
unrecognized and can occur hours later. Its preven-
tion requires anticipation (71).

Adjustment for Intercurrent Illnesses

Intercurrent illnesses may have opposing effects in
glycemic control in children. Common scenarios
include viral or bacterial infections such as upper
respiratory infections, gastroenteritis, acute pharyn-
gitis, otitis media, and pneumonia among others.
Decreased food intake is frequently seen in gastro-
intestinal and pharyngeal infections, and requires a
decrease in insulin dosing. On the other hand, release
of counter-regulatory hormones induced by fever and
pain lead to hyperglycemia and increased ketogen-
esis. The balance between increased and decreased
insulin requirements has to be addressed when man-
aging diabetic children with intercurrent illnesses.
‘‘Sick day management’’ rules provide an initial guide
for the parents but, not infrequently, professional
assistance via telephone contact or direct visit to a
medical facility is necessary to manage this delicate
balance to avoid acute complications such as severe
hypoglycemia or DKA. The appearance of urinary
ketones in the face of hypoglycemia or normoglyce-
mia in a child who has been refusing to eat is
most probably the result of starvation ketogenesis.
Attempts to provide calories should be made. In con-
trast, ketonuria in the presence of hyperglycemia,
especially in a sick child, should alert the parents
and the physician about impending ketoacidosis and
should be managed promptly and aggressively.

Dietary Management

As stated above, the nutritional component is one of
the cornerstones of diabetes management. The recom-
mendations on nutritional intervention in diabetes
have changed over the years. Before the discovery of
insulin, the concept of dietary management relied on
severe restriction of caloric intake leading to star-
vation diets. This was followed by low-carbohydrate
high-fat diets and, most recently, higher-carbohydrate
lower-fat diets (Table 3).

Our own recommendations since the early 70s
have been 50% to 55% carbohydrate, 15% to 20% pro-
tein, and 30% fat with limitation of saturated fat and
cholesterol to less than 10%. More recent recommen-
dations suggest that 45% to 65% of the calories are
derived from carbohydrates (73), making the now
fashionable ‘‘low-carbohydrate diets’’ an inadequate
alternative for diabetic individuals. On the other
hand, the recommendation that 60% to 70% of the
calories in the diet comes from a combination of
carbohydrates and monounsaturated fat is supported
in part by the finding that a high-carbohydrate diet
leads to more hyperglycemia than a high monoun-
saturated-fat diet, while no differences were seen in
the lipid profile between the two (74,75). The food
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intake of a diabetic child as well as that of any healthy
child should be balanced; in other words, it should
contain adequate amounts of carbohydrates, protein,
fat, minerals, vitamins, fiber, and water.

The design of nutritional strategies for manage-
ment of diabetes must be based on the procurement
of basic goals, including: (i) the maintenance of
near-normal glucose and lipid levels; (ii) the delivery
of an adequate amount of calories to achieve normal
growth and development in children and to avoid
weight loss or excessive weight gain in all patients
and, (iii) the prevention of nutrition-related com-
plications such as hypoglycemia, renal disease,
cardiovascular disease, hypertension, and autonomic
neuropathy.

Therefore, diabetic patients should have meal
plans designed for each individual, based on their
needs and goals, taking into consideration age-
related, cultural, as well as ethnic and financial issues.
The concept of a unique ‘‘diabetic’’ or ‘‘ADA’’ diet
should be replaced by a prudent meal plan. Further-
more, the term ‘‘diet’’ should be avoided given its
connotation of imposed and ‘‘punitive’’ restriction.
A newer term, ‘‘medical nutrition therapy,’’ has been
proposed by the ADA to replace others such as diet,
dietary management, or diet therapy (76). Above all,
healthy eating should be emphasized.

It is evident, from Table 3, that carbohydrate
intake has become less restricted on recent recommen-
dations. Carbohydrates are mainly of two kinds:
complex carbohydrates or starches and simple sugars.
Great emphasis has been given in the past to the
avoidance of simple sugar intake in diabetic indivi-
duals. Although this continues to be truth, the
restriction is less severe than originally proposed.
Simple sugars naturally occurring in fruits (fructose)
and milk (galactose), for instance, should be allowed
within the meal plan. Fructose induces a smaller rise
in blood sugar than isocaloric amounts of sucrose or
other carbohydrates; however, in excess it may induce
an undesirable increase in serum cholesterol and

low-density lipoprotein (LDL) cholesterol; therefore,
fructose intake in diabetic individuals should be mod-
erate and its use as a sweetener should be considered
as not advantageous (77–79). Sucrose may also be
component of the meal plan as long as it is not abused
and is part of a meal rather than eaten alone. Glycemic
excursions after ingestion of sucrose have been found
to be of similar magnitude to those occurring after
intake of white bread, refined rice, and cooked
potatoes. Therefore, more attention has been paid to
the total amount of carbohydrate and not the source
of carbohydrate. Unfortunately, less attention has
been paid to the factors that affect absorption of the
carbohydrate, such as the rapid absorption in
the liquid state or delayed absorption when eaten
with fat or fiber.

Within the 30% of calories coming from fat, it is
accepted that less than 10%, i.e., about one-third of
those could come from saturated fat, another 10%
from polyunsaturated fat, and yet another 10% or
more from monounsaturated fat. Because LDL choles-
terol is a major risk factor for both micro- and
macrovascular disease in Type 1 diabetes (80,81), we
advise that more attention be paid to the fat content
of the diet. This is in addition to the importance of
the role of fat in influencing glycemic excursions after
a meal. The postprandial glucose excursion is determ-
ined by the rate of entry of glucose into the blood
stream and the rate of disappearance of glucose,
mainly the result if insulin-induced glucose cellular
uptake. Absorption of carbohydrate from the gut is
delayed by the presence of fat in the same meal, as
it slows down the rate of gastric emptying (82). On
the other hand, nutrients other than carbohydrates,
mainly amino acids, also require insulin action.
Hence, a protein meal increases glucose levels and
requires insulin administration.

Limitations of protein content in the meals prior
to the advent of albuminuria have been recommended
because of the detrimental effect of protein excesses in
animals (83). Though this effect has not yet been
proven in children and adolescents, care to prevent
protein overload to the kidneys appears to be
prudent.

Food exchange lists have been created to help
patients deal with the heterogeneity of nutrient
composition of different foods with the purpose of
providing some sort of standardization when design-
ing a meal plan. These lists group certain foods
together based on similarities in their composition.
The carbohydrate group includes: starch, fruit, milk
(skim, reduced fat, whole), other carbohydrates, and
vegetables. The meat and meat-substitute group
divides protein into: very lean, lean, medium fat,
and high fat. Finally, the fat group includes lists of
monounsaturated fats, polyunsaturated fats, and
saturated fats. These lists are not a dietary formu-
lation per se. The introduction of carbohydrate
counting is an attempt to allow greater flexibility
in meals, taking into account larger and smaller

Table 3 Historical Perspective of Nutrition Recommendations

Distribution of calories

Year Carbohydrate (%) Protein (%) Fat (%)

Before 1921 Starvation Diets

1921 20 10 70

1950 40 20 40

1971 45 20 35

1986 Up to 60 12–20 <30

1994 a 10–20 a,b

2002 c 15–20 b,c

aBased on nutritional assessment and treatment goals.
bApproximately 10% from polyunsaturated fats and less than 10% from

saturated fats.
c60–70% of the calories should come from carbohydrates and monounsa-

turated fat.

Note: Greater emphasis is placed on lifestyle changes.

Source: From Ref. 72.
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carbohydrate intake. This is a more realistic concept
for daily living. The disadvantage is that all carbohy-
drates are treated as equal (e.g., complex and free
sugars) and insulin needs for protein metabolism
and effect of fat on absorption are ignored. It is recom-
mended that a skilled dietician tailor the meal plan
individually for each patient. It is clear that tailoring
insulin needs according to carbohydrate counting or
food exchanges and vice versa is not a straightfor-
ward task. ‘‘Carb counting’’ has risen in popularity
as more than 90% of the calories coming from carbo-
hydrates end up as glucose as compared to much
less of the calories of protein and none from fat. The
conclusion that carbohydrate is the only dietary
source for blood-glucose is erroneous. Carbohydrate
counting was originally initiated as a means to assist
diabetic patients in designing their meal plan,
especially for those with erratic meal planning. ‘‘Carb
counting’’ offers the possibility of calculating by a
rather simple mathematical formula, and involves
initial training and attainment of skills to calculate
the amount of insulin that should be given to
cover the predicted blood-glucose rise after a certain
food is eaten. This approach is usually used to calcu-
late the insulin boluses to cover meals in patients
receiving basal-bolus regimens of insulin including
CSII. However, it should not be limited to this mode
of insulin delivery. In addition, when teaching carbo-
hydrate counting, the importance of stability of the
other meal constituents should be emphasized.

The advent of basal-bolus regimens of insulin
has greatly increased the flexibility of daily living,
particularly in regard to the dietary intake. As the
rigid, constant, and tightly scheduled meal plan to
match the pharmacokinetic profiles of intermediate-
and short-acting insulin preparations (as proposed
in the fixed insulin-meal regimens) is no longer neces-
sary, variation in timing and amount of meals and
snacks, within certain limits, is now possible. Insulin
boluses may vary in time and dose to match the food
intake rather than vice versa. Skipping a meal or a
snack does not pose the risk for hypoglycemia as in
the fixed insulin-meal regimens. However, it has been
our experience with some patients, especially teen-
agers, that this ‘‘freedom’’ is misunderstood and
frequent snacks, not adequately covered with insulin,
become the rule more than the exception, leading to
significant hyperglycemia or, on the other hand, over-
bolusing for frequent snacks per day increases the risk
of hypoglycemia. In those cases, reimplementation of
a structured meal plan along with the basal-bolus
regimen improves control in selected patients.

Exercise as a Therapeutic Modality

There is an increasing body of scientific data that sug-
gests, but does not definitively prove, that physical
fitness is a beneficial and highly desirable state for
the patient with diabetes mellitus (84–88). Conse-
quently, we recommend to our patients that they

incorporate a regular exercise program into their daily
lives. Exercise increases glucose utilization, and
highly fit muscles have an increased sensitivity to
insulin and, thus, glucose uptake. Our clinical obser-
vations include the following:

1. Highly fit children and adolescents with diabetes
usually require less insulin per level of metabolic
control.

2. These individuals are generally in better metabolic
control than their relatively unfit diabetic peers.

3. The physically fit individual, particularly the competi-
tive athlete, usually has a better self-image and a
better appreciation of the importance of good diabetes
management.

4. Episodic exercise, as opposed to regular exercise, which
leads to an improved level of physical fitness, may
result in either hypoglycemia or even the induction of
DKA in very poorly controlled patients.

5. Our long-term diabetes complication studies indicate
that those individuals who participated in competitive
athletics during high school and college had a signifi-
cant reduction in both diabetes-related morbidity and
mortality when evaluated 10 to 30 years later.

Our recommendation to our patients—unfortu-
nately rarely followed—is that they develop a daily
exercise regimen (seven days per week) that involves
a fairly vigorous level of exercise for approximately
one hour each day. This could be most easily achieved
by participating in competitive programs at the
child’s school, if available. If this is neither possible
nor desirable, then other entirely satisfactory exercise
activities can be substituted such as vigorous walking,
jogging, swimming, aerobic dancing, tennis, and golf.
The patients must understand the effects of exercise
on blood-glucose and be ready to make necessary
adjustments in insulin dose or diet. In general, we pre-
fer to increase caloric intake before exercise rather
than reduce insulin in the normal weight child,
although either or both may be satisfactory solutions
to problems of hypoglycemia associated with exercise.
The very poorly controlled patient who desires to
embark on an exercise program should be encouraged
to improve overall metabolic control by increasing
insulin dosage before embarking on an exercise
regimen.

Education and Emotional Support

The importance of education as part of the integral
management of diabetes cannot be overemphasized.
Education should start at the very moment when
the diagnosis of diabetes is made. However, the initial
phase of shock experienced by parents in response to
the new diagnosis in their child may interfere with the
understanding of basic principles. That is why a well-
balanced combination of emotional support and
objective teaching is essential for the success of the
initial education process. Previous misconceptions
about diabetes that patients and their families may
have when they are faced with this diagnosis for the
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first time should be clearly addressed at this point.
When the child presents with severe DKA, the
initiation of the education process should be deferred
until the parents see signs of recovery and the child
himself is able to participate in a teaching conver-
sation, depending on age. However, the diabetes
management team should be readily available to
answer questions from the family members during
this critical period to soothe their fears and to start
building a nurturing relationship with them. That
opportunity could be used to explain in very basic
language the pathogenesis of diabetes and the patho-
physiology of DKA as well as the reason for the
clinical manifestations during the days prior to the
diagnosis and at the time of presentation. This will
help the family to recognize later on the signs of
decompensation that need to be avoided (Table 4).

The education process should start immediately
when the newly diagnosed child does not present in
DKA or comes with a very mild DKA. The option of
doing this initial education as an inpatient versus as
an outpatient depends on several considerations
including the resources available to the diabetes man-
agement team, third party reimbursement issues, and
patient-related issues. Several investigators have
addressed the question of differences in the outcome
comparing inpatient versus outpatient education in
the newly diagnosed patient. Initial retrospective stu-
dies suggested that the patients who received
outpatient-based education at the time of diagnosis
had lower rates of hospital readmission for diabetes-
related problems than those who received inpatient
education (89–91).

As very ill patients are always hospitalized
initially, the problems with these studies are that they

may be comparing outcomes in milder versus more-
severe onset. In a prospective study comparing the
outpatient education programs at Texas Children’s
Hospital in Houston, Texas, andDenverChildren’s Hos-
pital in Denver, Colorado, with the inpatient education
program at Children’s Hospital of Pittsburgh in
Pittsburgh, Pennsylvania, no significant differences
were found in the outcome of multiple variables among
the two approaches. The outcome measures considered
in this study included: rates of hospital readmissions
and/or emergency room visits, knowledge test scores,
sharing of responsibilities, adherence to the diabetes
regimen, family functioning scores, coping skills, and
perceptions of quality of life (92–94).

Both inpatient and outpatient approaches
have advantages and disadvantages as depicted on
Table 4.

MANAGEMENT OF ACUTE COMPLICATIONS

The two major acute complications of T1DM in chil-
dren are hypoglycemia and DKA. Preventing their
occurrence is the first step in their management. The
education provided by the therapeutic team and
the compliance with the management plan exercised
by the patients and their families are the mainstay
for the prevention of such complications. Neverthe-
less, there may be circumstances that escape from
the control of the therapeutic team or the patient that
lead to the appearance of these complications. Manag-
ing them successfully will allow a smoother course of
the disease with less interference in daily life and
amelioration of the psychological burden that T1DM
represents for the children and their caretakers.

Hypoglycemia

Once the diagnosis of T1DM has been made and the
treatment with insulin has been instituted, the occurrence
of hypoglycemia becomes a real possibility. In fact, this is
the most common acute complication related to the
management of T1DM in children (Vol. 1; Chap. 15).
The pursuit of excellent metabolic control promoted by
the results of the DCCT is associated with the cost of
increased risk of moderate-to-severe hypoglycemia as
seen in the patients receiving intensive therapy as com-
pared to those receiving conventional treatment.

The definition of hypoglycemia has always been
controversial. The severity of hypoglycemia has
been linked to the need for assistance or the presence
of changes in mental status. Children experiencing
different degrees of hypoglycemia usually require
assistance from a caretaker as compared to adults
who can manage the situation on their own during
less-severe episodes. Therefore, the definition used
in the DCCT does not completely determine the sever-
ity of hypoglycemia in children. For this reason, an
arbitrary cutoff in blood sugar level is used to define
hypoglycemia in the pediatric age. We define mild

Table 4 Advantages and Disadvantages of Inpatient and Outpatient

Diabetes Education

Inpatient setting
Advantages

Interaction between patient and family with the team in one place and

during a few days

Supervised environment, rapid response to possible complications

Patients/family may feel safer

Less trips of patient/family to medical facility

Less difficulties in team member reimbursement

Less reticence in early initiation of tight metabolic control

Emphasis on the severity of the diagnosis

Disadvantages

Hospital stay increases general cost

Less comfort for patient and family

Removal of child from home environment

Outpatient setting
Advantages

Cost is reduced because hospital stay is avoided

Family starts building self-confidence since early in the process

Less disruption to the child

Disadvantages

Needs well-mounted and coordinated infrastructure of outpatient

resources including sufficient well-trained personnel on 24-hr call

If families cannot commute from home, housing at no cost to family

must be available
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hypoglycemia as a blood sugar level between 55 and
70 mg/dL, moderate hypoglycemia as a blood sugar
level below 55 mg/dL without loss of consciousness,
and severe hypoglycemia as any episode of hypogly-
cemia (blood sugar < 70 mg/dL) associated with loss
of consciousness or seizures (95,96). In order to pre-
vent hypoglycemia, every effort must be made to
avoid a mismatch between the three major players
in glycemic control, namely: insulin and exercise with
their glucose-lowering effect versus food intake with
its glucose-raising effect. Adequate insulin dose
reductions in anticipation of decreased intake or
increased physical activity are taught to patients and
their families. Also, increases in carbohydrate intake
are recommended in anticipation of and/or during
prolonged exercise. When intermediate-action insulin
preparations are used, the provision of a consistent bed-
time snack, which includes protein and fat in addition
to carbohydrate, has been, in our experience, a helpful
practice to avoid overnight hypoglycemia induced by
the prolonged peak of these insulins. Newer regimens
using long-acting analogs are less likely to induce over-
night hypoglycemia and the substitution of glargine for
NPH at night has potential advantages.

Treatment of acute hypoglycemia depends on
the severity of the episode. Parents should be taught
about management of hypoglycemia from the time
of diagnosis. Mild hypoglycemia can be treated by
providing 15 g of carbohydrate of rapid absorption
(three glucose tablets or 4 oz of orange juice) followed
by a source of carbohydrate of slower absorption (six
crackers). For moderate hypoglycemia, a larger initial
load or rapid-absorption carbohydrate (four glucose
tablets or 6–8 oz of orange juice) followed by crackers
is recommended. Severe hypoglycemia requires the
prompt use of subcutaneous glucagons injection
(require training of parents or caretakers) or intra-
venous dextrose (0.1 mg/kg of dextrose 25%) if
emergency medical services are available or the
patient is in a medical facility (95). Frequent hypogly-
cemia, even if asymptomatic, causes hypoglycemia
unawareness and failure of glucose counter-
regulation, placing patients at major risk for severe
hypoglycemia. Death, while rare, is a constant fear.
Thus avoidance of even mild hypoglycemia should
be a therapeutic objective.

Diabetic Ketoacidosis

DKA is more frequently seen at presentation in newly
diagnosed patients, although it also happens in indivi-
duals diagnosed previously. In the latter,
physical stress, most frequently in the form of intercur-
rent infections, poor compliance with omission of
insulin administration, or inadvertent interruption
of insulin administration when using CSII, appear to
be the main triggering events. The rate of DKA at onset
of diabetes is variable, fluctuating between 15% and
67% in reports from Europe and the United States
and probably higher in developing countries (97). The

pathophysiology and management of DKA are
beyond the scope of this chapter and are covered in
Vol. 1; Chap. 7.

THERAPEUTIC OBJECTIVES AND MONITORING
REQUIREMENTS

The therapeutic goal for children with T1DM should
be to provide comprehensive management striving
for metabolic normalcy, physical and emotional
health, and avoidance of diabetes-related complica-
tions, both acute and chronic, as they go through
life. Unfortunately, even with the advances in inten-
sive therapy, this is not now possible. Frequent
therapeutic compromises are made between what
the management team and the patients would like
to achieve and what is reasonable within their per-
sonal life situations. In Table 5 are listed the
principles of diabetes therapy as they have evolved
over the last several years within the diabetes clinic
at Children’s Hospital of Pittsburgh.

Certainly a primary therapeutic objective is to
eliminate the obvious symptoms of poorly controlled
diabetes, including polyuria, polydipsia, and poly-
phagia. Conversely, both serious and frequent mild
hypoglycemia should be avoided. Careful attention
to physical growth and sexual maturation is impor-
tant. Inadequate insulin therapy results in slow
growth and delayed puberty. Unfortunately, the
achievement of these important therapeutic goals is
not enough. Many patients deny symptoms of either
hyper- or hypoglycemia and are able to maintain
normal growth and maturation while maintaining
blood-glucose and glycosylated hemoglobin levels
that are persistently too high.

Specific therapeutic objectives are presented in
Table 6. Based on the DCCT results, primary thera-
peutic emphasis should be placed on achieving a
metabolic status that is near normal while avoiding

Table 5 Principles of Diabetic Therapy

Elimination of the clinical features of inadequately controlled diabetes,

including polyuria, polydipsia, and polyphagia

Prevention of diabetic ketoacidosis

Avoidance of hypoglycemia

Maintenance of normal growth and sexual maturation

Prevention of obesity

Early detection of associated diseases: a number of autoimmune diseases

(such as Hashimoto’s thyroiditis) and celiac disease, which occur with

increased frequency in patients with IDDM; surveillance is important to

detect these conditions in the early stages

Prevention and treatment of hyperlipidemia

Treatment of hypertension

Prevention of emotional disorders: the chronic and unrelenting demands of

the disease and the therapeutic regimentation necessary to achieve

reasonable control result in behavioral disability in a large number of

families; the therapeutic program should be designed to prevent such

problems or provide prompt and effective therapy as required

Early detection and treatment of eating disorders

Prevention of chronic vascular complications of diabetes
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the known complications of this approach, including
hypoglycemia and excessive weight gain. The pri-
mary biochemical guides to management include
glycosylated hemoglobin obtained at least every three
months and self-monitoring for blood-glucose carried
out at least four times daily. A number of commercial
techniques are available for determination of glycosy-
lated hemoglobin. It is imperative that physicians be
well acquainted with patients own laboratory assay,
its normal range, and any special peculiarities of the
assay. The currently used assays measure either glyco-
sylated Hb or HbA1C. The DCCT used a highly
standardized method for measuring HbA1C that had
an upper limit of normal of 6.05%, which remains
the gold standard, though this is under discussion.
The therapeutic goal of 6.5% in the intensively mana-
ged patients was achieved in only about 5%. At the
close of the study, the mean HbA1C in the intensively
managed adults was 7.1%, compared with 9% in the
conventionally treated cohort. In those individuals
who entered the study as adolescents, mean values
were approximately 1% higher with the intensively
treated adolescents with a mean of 8.1% and the con-
ventional at 9.8%. Because the effectiveness of the

management appears to be comparable in both adults
and adolescents in terms of minimizing rates of pro-
gression of vascular change, it seems reasonable to
use the HbA1C value of 8% as a maximum therapeutic
goal for adolescents participating in an optimized
management program. It should be recognized that
different assays have different normal ranges and
may not read parallel to each other despite excellent
statistical correlations.

There were no patients younger than 13 years of
age on entry into the DCCT, and at the conclusion
of the study, there were no individuals under 20 years
of age. Consequently, one translates the conclusions
of the DCCT to younger children with extreme
caution. It is our view at this time that although the
general principle of moving all patients toward phy-
siologic homeostasis should be embraced, glycemic
goals may have to be higher in the preadolescent,
particularly the preschooler. It is important to focus
on blood-glucose variation in these two younger
groups, with very great emphasis on avoiding hypo-
glycemia in preschoolers (98). However, this should
not be achieved at the expense of excessive hyper-
glycemia, which may also be a cause of cognitive
dysfunction (95).

Traditionally, because of the impossibility of
monitoring amino acid and lipid fluctuations on a
day-to-day basis, blood-glucose measurements are
the sole modality to assess and manipulate insulin
and food therapies. It is important to recognize that
although monitoring is ‘‘glucocentric,’’ our therapy
should be global in terms of insulin action. Routine
frequent self-monitoring for blood-glucose is an essen-
tial component of good diabetes management. We
recommend that at a minimum the patient carry out
blood-glucose determinations before each meal and
at bedtime. In addition, periodically, blood-glucose
determination at 2 to 3 A.M. should be obtained to
document whether hypoglycemia is occurring during
sleep. Further, it is obvious that postprandial blood-
glucose determinations should be obtained to assess
the adequacy of insulin coverage for meals. Also, it
is important to document symptomatic hypoglycemia
by promptly doing a blood-glucose test. During ill-
ness, blood-glucose monitoring should be performed
more frequently along with urine checks for ketones.
Although there is a general correlation between the
frequency of blood-glucose determinations and con-
trol, this is true only if the individual uses this
information to make informed decisions regarding
alteration in insulin dosage or other aspects of
management. Here is where the recording of the
blood-glucose levels on a log sheet or computer
acquires its relevance. A single determination of
blood-glucose at any one time gives valuable infor-
mation that may lead to immediate therapeutic
decisions. However, the other half of the information
lies in the analysis of patterns appearing day to day
when multiple measurements are reviewed as a
whole. For instance, finding a significantly low blood

Table 6 Specific Monitoring and Objectives

Glycosylated hemoglobin (total HbA1 or HbA1C) should be obtained at least

every 3 mo; the goal in patients participating in an optimized

management program should be an HbA1C of less than 8% (the average

of adolescents in the DCCT)

Self-monitoring for blood glucose should be carried out daily at least before

each meal and at bedtime, and also at 3:00 A.M. 3–4� /mo and

postprandially as indicated; the blood glucose goals in optimized

patients should be in the range of 80–120 mg/dL before breakfast and

80–140 before meals and < 180 mg/dl postprandially (see text for

goals for younger patients)

Urine testing: daily dipstick testing for glucose and ketones of the first

voided urine in the morning unless blood sugar is measured more often

at night; presence of ketonuria should lead to prompt consultation with

the therapeutic team; minimal or no glycosuria or ketonuria is the goal

Urine testing for albumin: dipstick screening testing for albuminuria should

be performed on a single voided specimen at each clinic visit; presence

of albuminuria should promptly lead to assessment of an overnight or

24-hr urine collection; in the absence of postural proteinuria, overt

proteinuria should result in a detailed renal evaluation and appropriate

therapeutic intervention; microalbumin measurements are recommended

for routine assessment. After 2–5 yr of Type 1 diabetes mellitus a timed

overnight specimen is more convenient and avoids detection of postural

proteinuria. Spot urine albumin/creatinine ratios are more costly and

introduce two variables

Blood lipids: Blood should be obtained annually for determination of total

cholesterol, high-density lipoprotein, low-density lipoprotein, very low–

density lipoprotein, and triglycerides; the lipid fractions should be

between the normal range for nondiabetic children and adolescents.

If the triglycerides are above 120 mg/dL, a fasting level should be

obtained and repeated. Increases may reflect inadequate diabetes

management or genetic lipid alterations

Thyroid function should be assessed annually by determination of TSH;

thyroid antibodies may be used as a screen.

Poor growth, erratic glycemic control or abdominal symptoms may be

indicative of celiac disease and tissue transglutaminase antibodies

should be measured along with IgA levels to decrease the risk of a false

negative result. The need for routine screening remains controversial.
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sugar in the mid-morning prompts immediate treat-
ment of hypoglycemia with the use of a fast-acting
carbohydrate such as glucose tablets or orange juice,
but the recognition of a pattern of low blood sugars
in the mid-morning over several consecutive days
would call for its prevention by a decrease in the pre-
breakfast fast-acting insulin, an adjustment in the
content of breakfast, or both, to avoid this hypoglyce-
mia on a continuous basis.

Although it is difficult for U.S. patients to obtain
blood-glucose values at school before lunch, we insist
that prelunch values be obtained routinely to assess
properly the adequacy of the dose of short-acting
insulin from the morning injection. Schools should
make this as easy as possible for the patient. There
are major advantages to the use of meters with exten-
sive memory capacity, primarily to cross-check the
patient’s accuracy in the recording of blood-glucose
results. However, the meter memory should not
be used as an excuse for not recording the daily
results in a format that is available for review by the
parent as well as the team at and between outpatient
visits. Some meters have the capability of download-
ing the blood-glucose records in a computer in
different formats. When this feature is available and
the patients can use it, they should be encouraged to
perform the process of downloading on a frequent
basis such as every few days, and not only every three
months just prior to the follow-up visit in the diabetes
clinic. Frequent downloading serves the same
purpose as careful record keeping as it permits the
review of blood-glucose trends and patterns, which
are the basis for proactive adjustments in therapy.

The DCCT blood-glucose goals should be
adopted for adolescent patients who have made a
commitment to optimize management. The blood-
glucose goals are directed toward achieving normal
fasting blood-glucose in the range of 80 to 120 mg/
dL (or 80–140 with meters calibrated to serum). Any
other daytime determination should fall in the range
of 80 to 140 mg/dL, with 3 A.M. values higher than
70 mg/dL. The DCCT results based on seven-point
glucose profiles done once monthly gave a mean daily
blood-glucose of 153 mg/dL in the intensively mana-
ged cohort compared with 230 mg/dL in the
conventionally treated group. The results, although
documenting the improved status of the intensively
managed patients, further illustrates the difficulty in
achieving blood-glucose goals close to the normal
range.

Pediatric diabetologists are currently attempting
to come to grips with the issues surrounding the
general implementation of DCCT guidelines in
the younger child. In the preadolescent (6–13 years
of age), preprandial fasting levels should be moved
as close as possible to adolescent blood-glucose goals:
80 to 140 mg/dL. This should be done as soon as
patients can reliably detect and respond to hypogly-
cemic symptoms. Some preadolescent patients are
stable and predictable enough in blood-glucose

excursions that careful management adjustments can
be made to bring them in line with adolescent recom-
mendations. For the preschool child, we continue to
recommend that higher blood-glucose goals be imple-
mented to minimize the danger of hypoglycemia. Our
specific recommendations are for fasting blood-
glucose to fall in the 100 to 160 mg/dL range and
postprandial values in the 180 to 200 mg/dL range,
while in toddlers, preprandial levels in the 80 to 180
range is the goal. Despite these higher goal ranges,
HbA1C levels are usually lower in very young chil-
dren than in adolescents.

With the widespread acceptance of routine self-
monitoring of blood-glucose, urine glucose testing
has largely been relegated to an assay of historical
interest only. We think that this is a mistake, and the
value of assessing nighttime control is major and
can be assessed by routine daily testing for urine glu-
cose and ketones in the first voided morning urine.
A dipstick method is used to measure both glucose
and ketones. The presence of ketonuria is always
of importance. Ketonuria associated with negative or
minimal glucose spill is suggestive of nighttime hypo-
glycemia. The combination of the high urinary
glucose and ketones must be considered a strong indi-
cation of impending serious metabolic deterioration
that requires careful follow-up. Under these circum-
stances, each successive voiding should be checked
until ketonuria is clear. Communication with the
therapeutic team is necessary to alter management
as needed to prevent progression to DKA.

Urine protein determination is an essential
component of routine management. In our clinic, a
freshly voided specimen is checked at each visit using
a microalbumin screening method. If positive, overt
proteinuria should be assessed using a protein dip-
stick method that becomes positive with a urine
albumin concentration of about 300 mg/L or total pro-
tein level of 500. More accurate methods for albumin
determination are required to detect microalbumin-
uria (30–300 mg/24 hr), which may be indicative of
impending, progressive renal disease. Proteinuria at
this level or higher, if persistent, may be related to dia-
betes renal damage and is indicative of significant and
serious pathology once infection is excluded. A care-
fully obtained 24-hour urine specimen or a timed
overnight urine specimen obtained the morning
before the clinic or office visit is possibly easier and
more helpful in excluding orthostatic proteinuria.
A spot urine albumin/creatinine ratio is the most
convenient, but also the most costly and erratic assess-
ment of microalbuminuria, and does not exclude
orthostatic proteinuria.

Patients with poorly controlled diabetes mellitus
frequently have elevations in several of the blood
lipid fractions. As a component of assessment of con-
trol, we recommend that nonfasting lipids be screened
annually for the determination of total cholesterol,
LDL, high-density lipoproteins, and triglycerides.
Total cholesterol values should be below 160 mg/dL,
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LDL should be below 100 to 110 mg/dL, and triglycer-
ides below 120 mg/dL. If triglycerides are elevated, a
fasting specimen should be obtained. Elevated lipid
values may be a result of either inadequate
diabetes management or one of the forms of genetic
hyperlipidemia. If the patient’s diabetes control is
unsatisfactory, the first objective should be to improve
overall diabetes management and determine whether
the elevated lipid fractions return toward the
normal range. On the other hand, if persistent hyper-
lipidemia is identified in individuals with satisfactory
diabetes control, then an evaluation for genetic hyper-
lipidemia should follow. Management should start
with a strict diet. When this fails, pharmacologic
therapy with lipid-lowering agents may become
necessary.

Thyroid disease is commonly seen in association
with IDDM. Hashimoto’s thyroiditis, an autoimmune
destructive process, appears to share many simi-
larities with the mechanism of b-cell destruction
leading to T1DM. In our experience, approximately
40% of our patients, particularly during the ado-
lescent years, have evidence of Hashimoto’s
thyroiditis, including the presence of a goiter and/or
elevations in thyroid antibodies. Approximately 10%
of these patients develop hypothyroidism; a signifi-
cantly smaller number develop hyperthyroidism.
Timely diagnosis and appropriate management
of these conditions are obviously important to
the patient’s well being. Careful examination of the
patient’s neck should be a part of each clinic visit,
and assessment of thyroid function should occur as
specifically indicated or on an annual basis. We
recommend annual screening with measurement of
thyroid-stimulating hormone (TSH). In the patient
whose TSH is abnormally elevated or in whom a
goiter or signs or symptoms of hypothyroidism are
present, measurement of free thyroxine (free-T4)
and thyroid antibodies, namely thyroglobulin anti-
bodies (TG-Ab) and thyroid peroxidase antibodies
(TPO-Ab), are also indicated. Thyrotropin receptor anti-
bodies (TR-Ab) are indicated when a hyperthyroid state
is suspected as a workup to rule out Graves’ disease.
Unexplained persistent hypoglycemia may be a subtle
manifestation of hypothyroidism and, conversely, unex-
plained persistent hyperglycemia may be a subtle
manifestation of a hyperthyroid state. Others suggest
using TPO-Ab as the primary screen. This is more
expensive in the United States, but their measurements
every five years maybe adequate.

Another relatively common association has been
documented between T1DM and celiac disease. The
prevalence of celiac disease using screening tests
among Type 1 diabetics has been calculated by differ-
ent authors in Europe, Australia and the United States
showing rates between 1.0% and 7.8% (99–101). Based
on this, it has been suggested that all patients with
Type 1 diabetes be screened for celiac disease.
However, this recommendation remains contro-
versial. The measurement of tissue transglutaminase

antibodies is currently accepted as the most sensitive
test to screen for celiac disease. The diagnosis, when
suspected, is confirmed only with biopsy. We do not
routinely perform ‘‘universal’’ screening for celiac dis-
ease in all our diabetic patients, but we certainly
request transglutaminase antibodies in those patients
who display poor linear growth, weight loss, or poor
weight gain not clearly explainable by their degree of
metabolic control, in patients with frequent hypogly-
cemia, and obviously in patients showing signs or
symptoms of the disease. Investigations into the clini-
cal significance of the presence of transglutaminase
antibodies and the need for intestinal biopsy are
under way. The unnecessary implementation of a
burdensome gluten-free diet should be avoided.
A similar genetic background, especially the high fre-
quency of HLA-DR3 genotypes, has been postulated
as the explanation for the simultaneous occurrence
of T1DM and celiac disease (102). The proposition that
gluten, the protein responsible for celiac disease, is a
possible determinant for islet autoimmunity remains
unconfirmed (103).

THE THERAPEUTIC TEAM

Medical care of the child with diabetes is quite differ-
ent from that of most other diseases handled by the
pediatrician. The primary focus is on education.
A major responsibility for the physician is to ensure
that the patient and family members are well edu-
cated about the diversity of problems associated
with diabetes. This cannot be a one-time educational
experience: it must be a constantly renewed and
ongoing activity. However, the attainment of the
knowledge is only half the battle. The knowledge
gained about insulin administration, the utilization
of monitoring information, dietary principles, and
the incorporation of exercise into daily life, must be
accepted by the patient, with adherence to the thera-
peutic regimen as a personal commitment for
improved health. Each patient and family have their
own unique barriers to full acceptance and incorpor-
ation of the recommended therapeutic regimen.
Although most of these barriers are in the psychologi-
cal sphere, other factors such as peer group pressures,
financial problems, or unavailability of parents
at appropriate times, may make the recommended
therapeutic regimen difficult, if not impossible, to
follow.

Although patients should take a leading role in
the management of their diabetes, the physician dia-
betologist must serve as initial surrogate captain of
the therapeutic team. It is the physician’s responsi-
bility to assess the unique characteristics of each
patient and family and to determine the general thera-
peutic strategies to be used in an attempt to help the
child achieve and maintain good health. Several other
team members are essential for the development of an
effective diabetes therapeutic program. The diabetes
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nurse educator plays a pivotal role. Although the
experienced physician must always be involved in
reinforcing the educational components of therapy, it
is unlikely that the physician has sufficient time to
carry out the primary educational activities. The nurse
educator must become involved with the family as
early as possible, usually during the time of initial
diagnosis. It is clear from a number of studies that this
is not an optimal time for teaching because of the fam-
ily shock at the diagnosis of diabetes. However, we
believe it is important to begin this process and ensure
that the family has at least ‘‘survival skills,’’ requiring
three to five days of teaching. The educational process
continues at each clinic visit and, if necessary, special
educational sessions are set up with the diabetes edu-
cator outside the routine clinic schedule.

The dietitian assesses the family’s knowledge of
food and nutrition at the initial visit and begins con-
structing a meal plan appropriate to the particular
child. At least an annual review by the dietitian of
the patient’s nutritional status is desirable. Specific
issues about the appropriateness of particular food
substances and insulin coverage can usually be
handled by telephone consultation or at clinic visits.
Label reading and carbohydrate counting are two con-
crete areas that need to be covered by the nutritionist
at the initial education sessions at the time of diagnosis
and need to be reinforced periodically during the out-
patient follow-up visits. The assessment of the intake
of protein and saturated fat is important.

The psychiatric social worker plays a special
role within the diabetes therapeutic team. It is the
social worker’s responsibility to assess the strengths
and weaknesses of the family as they relate to
emotional issues, economic and community support,
educational activities, etc. It is usually the social
worker’s assessment and recommendations that
determine whether other professionals such as clinical
psychologists and psychiatrists become promptly
involved with the family. Prevention of severe pro-
blems is the goal. The development of psychiatric
problems over time as a consequence of stresses of
the disorder also calls for the social worker’s reinvol-
vement. The social worker can be particularly useful
in families with limited financial resources, helping
them to obtain support for diabetes medications and
supplies, and transportation to clinic appointments.

The core diabetes therapeutic team includes the
physician diabetologist, diabetes nurse educator, die-
titian, and psychiatric social worker. However, the
central member of the team is the patient. The patient,
when old enough to be involved in a meaningful way
in decisions, or the parents of the younger child, must
be incorporated from the beginning in the planning of
the therapeutic strategies and in all other major deci-
sions. It is not therapeutically meaningful to insist on
an insulin therapy of three to four injections daily or
using an insulin pump and a monitoring program of
four glucose determinations daily when the patient
frequently misses some injections of insulin and/or

refuses any monitoring. Although one continues to
try to educate the patient and the family about the
importance of a more comprehensive approach, at
the same time it is essential to deal with reality. Most
patients understand and appreciate the responsibility
being placed upon them as part of the therapeutic
team and respond maturely and appropriately to it.
The need for the diabetes therapeutic team cannot
be minimized. Creative new ways must be found
to make these resources available to all children
and adolescents with diabetes mellitus. University
diabetes centers must provide the leadership and
direction for the development of networks of diabetes
therapeutic programs across geographic areas, involv-
ing small communities with apparently limited
diabetes-related resources. The local family physician
or pediatrician must be incorporated into the thera-
peutic team and given encouragement for periodic
reeducation to function locally as the diabetes leader.
In every community, it should be possible to identify
nurses and dietitians who are willing to accept
increased responsibility with appropriate, specifically
pediatric, training to become the local diabetes
educator or special diabetes dietitian. The university-
based diabetes center or specialty clinic must be able
to provide outreach to the local community diabetes
program by providing periodic visiting specialists,
local patient and professional teaching conferences,
and referral services for especially difficult manage-
ment problems.

Opportunities for educational renewal by the
local team members must be available on a periodic
basis. Such a networking program, once in place,
should offer the benefits of diabetes team manage-
ment to the great majority of children and
adolescents with T1DM. Although the initial costs of
such a program will clearly be in excess of current
management activities, the long-term reduction in
vascular complications will greatly reduce the health
care costs associated with visual loss, end-stage renal
disease, peripheral vascular disease, heart attacks,
and strokes.

CLINICAL ASSESSMENT AND THERAPEUTIC
DECISION MAKING

Children and adolescents with T1DM require regular
ongoing physical, biochemical, and emotional assess-
ment, and modification in all aspects of management
to meet their changing needs and individual lifestyle
requirements. Because of the complexity of this prob-
lem, we are convinced that this process should be
carried out in a setting in which the talents of several
diabetes therapeutic team members can be brought to
bear on the situation of the patient and family.

We recommend that routine care involve a full
clinic visit at a minimum of three-month intervals,
with interim visits with the nurse educator or dietitian
as required. The physician’s routine evaluation should
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include a careful review of general health and
diabetes management issues in the interval since the
last examination. Frequency, severity, and manage-
ment of hypoglycemia should be specifically
investigated. Symptoms of hyperglycemia such as
nocturia or urinary frequency should be documented.
Dietary management should be reviewed by the phy-
sician, and specific dietary problems should be
referred to the dietitian. An evaluation of physical
activity should be obtained and the patient encour-
aged to participate in daily exercise to achieve
superior physical fitness and assistance with dose
adjustment made. Psychological issues should be
reviewed, including how the patient is handling the
personal problems of diabetes and its management,
school performance, and interpersonal relationships
at school and at home. Issues of sexuality and drug
and alcohol abuse should be approached directly in
a nonjudgmental fashion. The danger of conception
without excellent glycemic control should be empha-
sized to sexually active girls who should be referred
to a gynecologist or adolescent medicine specialist
for additional counseling. All adolescent patients
need to be made aware of emergency contraception
methods (Vol. 2; Chap. 14).

Physical examination should be complete.
Height and weight measurements should be trans-
ferred to a standard percentile growth grid in which
assessment of growth parameters over time can be
followed accurately. A declining growth rate or
inadequate weight gain should result in careful review
to determine whether this is a reflection of inadequate
diabetes management or another problem. Excessive
weight gain should also be addressed. In the ado-
lescent patient, the physical examination should
include determination of Tanner staging and infor-
mation about menses in girls. Blood pressure should
be carefully obtained with the patient in a relaxed
state. Even moderate elevations above the appropriate
blood pressure range for the age should lead to
additional determinations during the visit and, if
necessary, periodically by the school nurse or even
with use of an ambulatory monitor. Persistent hyper-
tension is a serious problem in the diabetic patient
and must be aggressively evaluated and treated. The
diabetologist should be comfortable and confident in
carrying out a routine ophthalmologic examination
looking for the early changes indicative of background
retinopathy. Insulin injection sites should be carefully
examined. Lipohypertrophy may result in impairment
of insulin absorption and contribute to inadequate
management. A complete neurological exam should
also be performed.

A major portion of the routine visit is the review
of the patient-generated blood-glucose records by the
diabetologist. This is an opportunity to teach about
diabetes therapeutics and encourage the patient’s
and parents’ participation in the therapeutic
decision-making. The individual’s blood-glucose
goals in the fasting and postprandial state are

reviewed, and an assessment of the interim perform-
ance provided. The focus is on insulin adjustments,
but the integration of diet and physical activity must
also be emphasized in these discussions. Any thera-
peutic changes must be followed by a telephone
conversation between the patient and the therapeutic
team, which may include faxing the most recent blood-
glucose results to a member of the therapeutic team.
The results of the biochemical assessment are shared
with the family and referring physician by letter
within days of the clinic visit. Elevations in glycosy-
lated hemoglobin levels, for example, may dictate
more vigorous therapeutic changes than the initial
review of the patient’s blood-glucose record would
suggest. When biochemical therapeutic goals are
met, congratulations are due to the patient and family,
with encouragement to keep up the good work. Lack
of achievement of goals should not be presented in a
negative or punitive fashion, but rather as encourage-
ment to the patient and family to try even harder in
the future with the assistance of the therapeutic team.

CONSULTATIONS AND REFERRALS

For the child and adolescent with diabetes mellitus,
there may be several occasions on which the advice
of physicians outside the therapeutic team is
especially valuable. According to current guidelines,
children with T1DM of at least five years’ duration,
as well as all patients during their adolescent years,
undergo a thorough retinal exam through dilated
pupils performed by an ophthalmologist or a trained
optometrist on an annual basis. Many advocate wait-
ing until eight years of diabetes duration in the
prepubertal child in good control, but doing the exam
after two years in poorly controlled patients. Ideally,
the eye specialist should have experience in detecting
early diabetic retinal changes. Fundus photography,
either stereo color photography or fluorescein angio-
graphy, may be appropriate as a more sensitive
assessment during the adolescent years. The detection
of vascular changes in the eye by either the family
physician or diabetologist should promptly result in
a referral to an ophthalmologist. Although in most
cases the ophthalmologist provides no therapeutic
intervention at that time, the visit may provide an
opportunity for the therapeutic team to reemphasize
the importance of good diabetes management. Ado-
lescent girls should be referred to a gynecologist or
adolescent medicine clinic when sexually active.

The stress of diabetes and its management
requirements exact a heavy toll in terms of behavioral
problems and disabilities. In prospective studies
carried out in our institution, nearly 50% of our
patients experience significant psychopathology
during adolescence (104). In most cases, this
was pathological depression, requiring professional
intervention. Other problems include antisocial acting-
out behaviors, eating disorders, and adjustment
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problems. Eating disorders in patients with diabetes
are much more common than in the general
population and usually associated with poor control.
These may include anorexia nervosa, bulimia, or
omission of insulin delivery (105,106). It is essential
for all therapeutic team members to be sensitive to
behavioral issues and be prepared for referral to col-
leagues in psychiatry or psychology if necessary.
There is a natural reticence on the part of most
patients and families to accept psychiatric referrals.
By including the behavioral scientist as an integral
member of the therapeutic team from the beginning
and emphasizing the importance of psychological
well being as part of the management of the patient
with diabetes, the likelihood of family cooperation,
if active intervention therapy is needed, is increased.

Annual evaluation of possible renal involvement
is also advised. Measurement of microalbuminuria is
recommended on an annual basis in patients who
have had diabetes for at least five years or those
who are reaching puberty (107), and after two years
if the disease is poorly controlled. Albumin excretion
rate above 21 mg/min should be confirmed by rep-
etition of the test within the following few weeks or
months. A persistent overt proteinuria should ideally
prompt the referral of the patient to the nephrologist.
If the patient has not had poor glycemic control,
causes other than diabetes should be excluded (108).

Eventually the patient followed by the pediatric
diabetes specialist must be referred for adult care
based on age. It is our preference to continue to work
with these patients through adolescence; high school
or college graduation is a natural time to terminate
this therapeutic relationship and hand the patient
over to an adult diabetologist. All too often, the young
adult diabetic following high school graduation and
either entry into the work force or departure from
home for university is lost from the healthcare system
and may not return for several years. Unfortunately,
the return is frequently precipitated by an acute event
such as retinal hemorrhage or other diabetic complica-
tions. It is not enough simply to refer the patient to the
family doctor and assume that proper future manage-
ment will be arranged locally. These patients deserve
the opportunity to continue in a therapeutic environ-
ment characterized by the diabetes therapeutic team
and led by a skilled internist or diabetologist. Assur-
ing that this connection is made will go a long way
toward minimizing serious complications during the
patients’ young adult years. The transition should be
made in a well-planned and coordinated manner to
avoid a series of difficulties associated with this
change, which may have a negative impact on the
glycemic control of the patient (109).

FUTURE DIRECTIONS
Inhaled Insulin

One of the major difficulties encountered by patients
with diabetes is the need to inject insulin

subcutaneously. The concept of using an alternate
route for insulin administration was thought of even
since the time of its discovery in the 1920s. Enteral
administration of insulin is not feasible as this rela-
tively large protein is readily digested in the
gastrointestinal tract. The respiratory epithelium has
been shown to be able to absorb insulin in a reproduc-
ible manner. Testing of inhaled insulin in humans was
first performed in the 1990s. Two forms of inhaled
insulin have been developed. One is a dry formu-
lation of powdered insulin administered through a
device in which a pulse of compressed air disperses
the insulin into a chamber from which the patient
inhales into the respiratory tract. The other one is
an aqueous preparation delivered to the respiratory
tract by inhalation after being aerosolized in a
device equipped with a microprocessor (110–112).
The absorption of insulin through the respiratory epi-
thelium is faster than that from the subcutaneous
tissue; however, the efficiency is lower because some
of the insulin is lost within the delivery device or in
the mouth. Therefore, higher doses are required when
administering inhaled insulin as compared to subcu-
taneous injections. Some studies in adults have
shown comparable glycemic control when compared
to subcutaneous insulin injections (30). Increased
compliance seems to be one of the advantages of this
approach. One concern that has not been cleared is the
long-term safety of inhaled insulin because of its
repetitive interaction with the alveolar epithelium,
given that insulin is an anabolic hormone with
growth-promoting effects. Long-term safety has not
been studied. The use in small children may be diffi-
cult because of the need for an appropriate inhalation
technique. The inhaled insulin was approved by the
FDA for use in adults for both Type 1 and T2D, melli-
tus and the cost is estimated to be $120 to $150 per
month (113).

Amylin

The discovery in 1987 of amylin (114), a hormone pro-
duced in the b-cell and cosecreted with insulin, is now
opening the possibilities for its clinical use. Amylin
plays an important role in postprandial glucose
regulation by suppressing postprandial glucagon
secretion,(115) slowing the gastric emptying (116)
and probably inducing an anorexigenic effect as
shown in an animal model (117). Endogenous amylin
production is impaired in individuals with b-cell
failure seen in T1DM or later stages of T2DM.
Administration by injection of pramlintide, an amylin
analog along with insulin before meals to diabetic
adults has been effective in decreasing postprandial
hyperglycemia, decreasing appetite, and promoting
weight loss or weight maintenance (118–120). Use of
amylin analogs may prove useful as an adjunct ther-
apy in children with T1DM to reduce the wide
fluctuations in their blood-glucose, especially in the
postprandial state (121). It requires additional
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injections because this polypeptide hormone cannot
be given orally. This opens the potential for delivery
through a continuous subcutaneous infusion pump
with a mixture of insulin and ‘‘amylin’’ in the right
proportion or with the development of pumps with
dual cartridges to hold insulin and amylin separately.

Closing the Loop

The concept of an artificial pancreas has been pro-
posed for decades. This ‘‘artificial pancreas’’ must
have two major components: an afferent limb, repre-
sented by a real time continuous glucose sensing
device, and an efferent limb, represented by an insulin
delivery device with capability of delivery rate adjust-
ments. A third element is the ‘‘communication’’
between these two components to close the loop.
Current technology has provided all three
elements: continuous real-time glucose sensing has
been improved greatly, insulin infusion pumps have
attained a significant degree of sophistication, and
communication between these two via infrared sig-
naling is available. However, the refinement is not
yet such that allows the ‘‘artificial pancreas’’ to be a
reality. The major setbacks are the limited time—
usually three days—the currently available continu-
ous glucose monitoring devices can work without
interruption and the lag between insulin infusion in
the subcutaneous tissue and actual insulin effect due
to delayed absorption when compared to physiologi-
cal insulin secretion into the portal system. The
integration between glucose sensing and insulin
delivery has to be coordinated through mathematical
algorithms, which have been difficult to create given
the complexity of insulin secretion regulation and the
above-mentioned technical difficulties.

In the meanwhile, the constant improvements of
continuous blood-glucose monitoring with real time
display of results provide optimism in refining insulin
delivery even without the closed loop. The lack of sen-
sitivity and accuracy in detecting hypoglycemia in the
currently available monitors is rapidly being cor-
rected and new monitors are in the formal testing
phases. Patient acceptability remains to be determ-
ined in large-scale trials such as those carried out by
the DirecNet group.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a complex disease
to manage, requiring a team effort in which the key
player is the patient. Gone are the days of urine-
glucose testing, boiling glass syringes, sharpening
needles, and rigid diet restrictions. Technology and
new medications continue to improve the lives of
patients with this disease. Along with these new
developments has come the need for increasing
education and training of patients and health-care
providers to effectively use these tools. This chapter
will discuss technology and guidelines for blood glu-
cose (BG) monitoring, continuous subcutaneous
insulin infusion (CSII), and management of sick
days, hypoglycemia, exercise, travel, and school days.
While topics to be covered are directed to patients
with T1DM, most of the information is applicable to
children and youth with T2DM, as well.

BLOOD GLUCOSE MONITORING

Patients have a wide choice of meters to self-monitor
their BG levels. BG levels should be tested at least four
times per day, before breakfast, lunch, dinner, and at
bedtime. Those on basal bolus regimens using
multiple daily injections or pump therapy should
additionally check before snacks so that appropriate
doses of rapid-acting insulin can be taken. When initi-
ating pump therapy or changing insulin regimens,
more frequent monitoring is necessary throughout
the day and night. In order to determine if the
rapid-acting insulin dose is correct, two-hour post-
prandial BG levels are encouraged to assess the
effectiveness of the insulin to carbohydrate ratio
(I:C). If a patient is waking up with high BG levels,
a 2 or 3 A.M. BG level should be obtained by the care-
giver before adjusting the evening insulin dose
upward, to ensure that the patient is not becoming
hypoglycemic in the middle of the night and rebound-
ing in the morning. If this were the case, the dose
would need to be decreased instead of increased. It
is also necessary to check the BG levels more fre-
quently during illness (Table 1).

All of the meters listed in Table 1 can be down-
loaded to the computer with specific programs from
each manufacturer. Some programs can be down-
loaded from the Internet for free while others must
be purchased. Some meters are downloadable with
an infrared port while others require a cable that
hooks up to the meter. Even meters manufactured
by the same company may require different cables
for download. When downloading meters, a variety
of reports may be generated including a logbook for
a specified amount of time, data list with all results,
statistics, averages, pie charts, line graphs, and high-
est and lowest readings. Most commonly, we view
the 14-day logbook and statistics during clinic visits.
The 14-day logbook also includes averages for each
time of day. One of the most important pieces of infor-
mation is the average number of BG tests per day.
That information, in addition to the BG ranges and
averages, is recorded in the clinic note (Table 2).

Patients and caregivers should be encouraged to
keep a logbook with BG levels, insulin doses, and
notes detailing events that may affect BG readings
recorded, and bring both the logbook and the meter
for download to the clinic visit. If a daily or weekly
record is not kept, it is less likely that patients will
recognize developing BG patterns. While a meter
can record the date, time, blood glucose, and in some
cases insulin dose, amount of carbohydrates eaten, or
exercise done, that still does not provide as complete a
picture as when the patient records these events in
a logbook. Examples of extra information that can
be recorded in a logbook might include whether the
patient ate pizza and ice cream for dinner and ended
up with hyperglycemia at bedtime, the patient went
out to eat and miscalculated carbohydrates eaten
and developed hypoglycemia one hour after finishing
the meal, or the patient forgot to take a bolus for a
mid-afternoon snack and had hyperglycemia pre-
dinner. Logbooks can be obtained from the meter
manufacturers.

We encourage patients to call for insulin dose
adjustments if within one week, they have three BG
readings less than 60 mg/dL or two less than



50 mg/dL at the same time of day, or one unexplained
reading less than 40 mg/dL.

Alternate Site Testing

Fingertips have been the traditional site for obtaining
capillary blood for self-monitoring of glucose. How-
ever, there are various meters now on the market
that are approved for alternate site testing (AST) in
order to bypass the discomfort often associated with
pricking the finger for a BG sample (13). AST can be
done on the forearm, upper arm, palm of the hand,
thigh, and calf. Patients need to refer to their BG
meter manual to ensure that proper sites are being
used because not all sites are approved for AST with
each meter.

Several studies have compared AST with
traditional finger stick BG monitoring. A study of
52 children and adolescents aged 6 to 17 years found
preference for forearm testing; however, precision was
less than with finger stick testing, BG readings were
lower than with finger stick, and quick changes in
postprandial glucose concentrations were picked up
later (14). Another study with 29 subjects aged 5 to
17 years compared fingertip testing with palm or fore-
arm testing. The recommendation from this study was
that these two alternate sites are acceptable for use
before and after meals, but the forearm should not
be used during hypoglycemia, or if there is a risk of
hypoglycemia, because of delay in detecting low BG
levels. The palm is equivalent to the fingertip for
detection of hypoglycemia (15).

We prefer that our patients use the traditional
finger stick blood for glucose monitoring, especially
at initiation of insulin therapy while insulin doses
are being titrated. Later on, if the patient or caregiver
asks if AST is acceptable, we tell them it is an
alternative if they are fasting, or are not feeling

hypoglycemic, or if the glucose concentration is not
dropping quickly. If there is any doubt about the accu-
racy of an AST measurement, the BG result should be
confirmed with a finger stick specimen.

Blood-Ketone Testing

The Precision Xtra BG meter is the only meter cur-
rently available to check for blood ketones. Blood-
ketone testing differs from urinary ketones in that
beta hydroxybutyrate (B-OHB) is measured instead
of acetoacetate (AcAc) or acetone. This is primarily
helpful in the diagnosis and monitoring of diabetic
ketoacidosis (DKA) because treatment can begin
sooner with the earlier detection of blood ketones.
B-OHB is more elevated than AcAc in DKA and is
a more accurate measure of recovery because it
decreases in serum well ahead of urinary reduction
of ketones. If a patient has large urinary ketones, the
severity of ketosis can be determined by the blood–
B-OHB level, and a more informed decision whether
to treat at home or send the patient directly to the
hospital can be made (16).

Serum levels of B-OHB less than 0.6 mmol/L are
normal; so no adjustments are necessary. Supplemen-
tal insulin may be needed if the measurement is
between 0.6 and 1.0 mmol/L. When levels reach
1.0 to 1.5 mmol/L, more insulin is needed along with
supplemental fluids. Patients should call their dia-
betes care provider at this point if there is any doubt
about treatment. We advise giving 10% of the total
daily dose (TDD) of insulin as regular or rapid-acting
analog and rechecking the B-OHB every four to six
hours (regular), or every two to four hours for
rapid-acting analog (lispro, aspart, or glulisine) until
ketones clear or decrease. When B-OHB levels are
greater than 1.5 to 3.0 mmol/L, the patient or caregiver
should call the diabetes care provider immediately.

Table 1 BG Meter Comparisona

Manufacturer Meter

Sample

size (mL) Result (sec) Size (in.) Weight (oz)

Number of

results stored in

memory

Alternate site

testing

approved

Lifescan One Touch1 Ultra1 1 5 3.12� 2.25� 0.85 1.5 150 Yes

One Touch1 Ultra

Smart1
1 5 3.8� 2.3� 0.9 2.6 3000 Yes

InDuo1 1 5 4.84� 2.13� 1.38 4.4 150 Yes

Roche Accu-Chek1

Advantage1
4 26 3.3� 2.2� 0.8 1.8 480 No

Accu-Chek1 Aviva1 0.6 5 3.7� 2.0� 0.9 2.1 500 Yes

Accu-Chek1 Active1 1 5 (in meter), 10

(out of meter)

4� 1.7� 0.9 2 200 Yes

Accu-Chek1 Compact1 1.5 8 4� 2� 1.2 4.2 100 Yes

Abbott Diabetes

Care

FreeStyle1 0.3 7 2.03� 3.82� 0.98 2.04 250 Yes

FreeStyle FlashTM 0.3 7 1.6� 3� 0.8 1.4 250 Yes

Precision Xtra1 1.5 10 2.9� 2.1� 0.6 1.48 450 Yes

Becton Dickinson BD Logic1 0.3 5 3.6� 2.2� 0.9 2.65 250 Yes

Bayer Ascensia Contour1 0.6 15 2.9� 2.09� 0.6 1.82 240 Yes

aWhile only 12 meters from 5 companies are highlighted, this list is not all-inclusive.

Abbreviation: BG, blood glucose.

Source: Adapted from Ref. 1.
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Table 2 Pros and Cons of Various BG Meters

Meter Pros Cons

One Touch1 Ultra1 Small Must code test strips

Ergonomic shape Date and time frequently reset by themselves

Result, in 5 sec

Easy to set date and time

Downloadable with One Touch1 Diabetes Management Software

One Touch1

UltraSmart1
Holds more results in memory than any other meter Must code test strips

Has backlight Lots of bells and whistles

7, 14, 30, 60, and 90 day average all results, average by time of day,

glucose range info, hypoglycemia info, daily food average

Can be overwhelming to patients

Must know keypad combinations to turn on

backlight, reset date and time, etc.Graphs results: all and time-specific

Downloadable with One Touch1 Diabetes Management Software

Can input exercise and health checks such as HbA1C and blood pressure

InDuo1 Meter and insulin pen all in one for convenience Must code test strips

Holds 3 mL insulin cartridge Bulky

Downloadable with One Touch1 Diabetes Management Software Date and time frequently reset by themselves

Accu-Chek1

Advantage1
Comfort curve test strip Must code test strips

Large screen Results take 26 seconds

Ergonomic design Large sample size

Can be downloaded with Accu-Chek1 Compass software Being replaced by the Aviva1

Accu-Chek1 Aviva1 7-, 14-, and 30-day averages Must code test strips

Stores 500 BG results in memory

Strip has wide mouth for easier sampling

150 automatic internal tests to ensure accuracy

Small sample size

Approved for all alternate site testing (AST) areas

Ergonomic design

Can be downloaded with Accu-Chek1 Compass software

Accu-Chek1 Active1 Slender design Must code test strips

7- and 14-day averages Hanging drop of blood must be applied to top of

test stripApproved for all AST areas

Cheaper test strips than other Accu-Chek1 Meters Larger sample size

Can be downloaded with Accu-Chek Compass Software

Accu-Chek1

Compact1
Self-contained test strips Bulkier size

No coding of test strips necessary Flip top often breaks off

Can be downloaded with Accu-Chek1 Compass Software If test strip compartment opens test drum must

reset to next available test strip

FreeStyle1 Smallest blood sample size (0.3 microliter) Must code test strips

14-day average

Uses Coulometry Technology

Downloadable with FreeStyle CoPilot
TM

FreeStyle Flash
TM

Small size Must code test strips

Smallest blood sample size

Has backlight (screen and down strip)

Uses Coulometry Technology

4 programmable alarms to remind patients when to test

Downloadable with FreeStyle CoPilot
TM

Precision Xtra1 Only meter to perform blood-ketone testing Must code test strips

Can help diagnose diabetic ketoacidosis Separate test strips for BG– and blood-ketone–

testing7-, 14-, and 30-day averages

Downloadable with Precision Link Software1

BD Logic1 Holds 250 BG results in memory Must code test strips

Shows 7- and 14-day averages Only holds up to 30 readings in memory without

download

Can record insulin type and doses Patient not keeping log book every day then will

not be able to recall more than 30 readings

Can ‘‘mark’’ specific insulin doses and BG results to indicate different

times or doses

‘‘Marked’’ results are not averaged into the 7- or

14-day averages

Downloadable with the BD InterActivTM Diabetes Software Not user-friendly

The Paradigm Link Version beams the blood glucose directly to the MiniMed

insulin pump

(Continued)
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The treatment is the same as for the levels of 1.0 to
1.5 mmol/L, except that 20% of the TDD may be
needed instead of only 10%. If the blood-ketone test
reveals levels in excess of 3 mmol/L, the patient
should be sent immediately to the emergency depart-
ment. Blood-ketone testing may facilitate earlier
intervention and improved home management of
impending ketoacidosis (16).

INSULIN INJECTIONS

The insulin regimen must be individualized to match
the patient’s physiology and lifestyle. Some things to
consider when deciding which insulin regimen
to assign a patient include:

& Compliance
& Education
& Supervision/support
& Math skills
& Problem solving skills

Types
Rapid-Acting Insulin Analogs

HumalogTM (insulin lispro):

& Onset: 15 to 30 minutes
& Peak: 0.5 to 2.5 hours
& Duration: 5 hours or less

NovologTM (insulin aspart):

& Onset: 10 to 20 minutes
& Peak: 1 to 3 hours
& Duration: 3 to 5 hours

ApidraTM (insulin glulisine):

& Onset: 15 to 30 minutes
& Peak: 0.5 to 2.5 hours
& Duration: 5 hours or less

Short-Acting Insulin

Regular:

& Onset: 0.5 to 1 hour
& Peak: 2 to 5 hours
& Duration: 5 to 8 hours

Intermediate-Acting Insulin

NPH:

& Onset: 1 to 2 hours
& Peak: 2 to 12 hours
& Duration: 14 to 24 hours

Long-Acting Insulin Analogs

Lantus (insulin glargine):

& Onset: 1.5 hours
& Peak: small peak in the first three hours, then flattens

out
& Duration: 20 to 24 hours

Levemir (insulin detemir):

& Onset: Steady state conditions after second injection
& Duration: dose-dependent, bid-dosing recommended

(17,18)

Intermediate-/Rapid-Acting Insulin

Humalog Mix 75/25 (75% NPH/25% lispro):

& Onset: 15 to 30 minutes
& Peak: 0.5 to 2.5 hours
& Duration: up to 24 hours

Novolog Mix 70/30 (70% insulin aspart protamine
suspension/30% aspart):

& Onset: 10 to 20 minutes
& Peak: 2.4 hours
& Duration: up to 24 hours

Intermediate-/Short-Acting Insulin

Humulin 70/30 (70% NPH/30% Regular):

& Onset: 30 to 60 minutes
& Peak: 0.5 to 2.5 hours
& Duration: up to 24 hours

Novolin 70/30 (70% NPH/30% Regular):

& Onset: 30 minutes
& Peak: 2 to 12 hours
& Duration: 24 hours (1)

Table 2 Pros and Cons of Various BG Meters (Continued )

Meter Pros Cons

Ascensia Contour1 No coding of test strips necessary

Control solution is marked with check mark

Detects if strip does not have enough blood for sample

Ergonomic design

Downloadable with the AscensiaTM WIN GlucofactsTM Diabetes Management

Software

Abbreviation: BG, blood glucose.

Source: From Refs. 2–12.
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Usage Guidelines
NPH/Rapid-Acting Insulin

We determine initial insulin dosages according to
body weight, usually giving approximately one unit
per kilogram per day. Once this dose is determined,
we give approximately two-thirds of the TDD in the
morning and one-third in the evening. The morning
dose usually consists of two-thirds intermediate and
one-third rapid-acting insulin, and the evening dose
is broken down to 50% intermediate and 50% rapid-
acting insulin. See Table 3 for sample calculations.
We instruct patients to take their fixed-dose insulins,
i.e., intermediate- or long-acting insulins within an
hour before or after the scheduled time. This rule
applies to patients on fixed doses of rapid-acting insu-
lin analogs as well.

When patients and caregivers are not familiar
with diabetes management but are able to mix insu-
lins, it is easiest to begin insulin therapy with a
combination of NPH and aspart/lispro/glulisine or,
in some cases, regular. Initially, this minimizes the
number of injections, often requiring only two to three
per day. We do not start patients on regular insulin
anymore unless they consume frequent snacks and
the rapid-acting insulin does not provide adequate
coverage. For the A.M. and P.M. injections, NPH and
the rapid-acting insulin can be mixed. A variable dose
of the rapid-acting insulin may be required with
meals. If adjusting the morning NPH does not correct
the high afternoon BG levels, an injection of rapid-
acting insulin may be required at lunch. NPH taken
at dinner, especially during adolescence, tends to run
out before the morning, resulting in high level blood
glucose even when the dose is increased. To deal with
this phenomenon, NPH can be moved to bedtime,
instead of before dinner. The rapid-acting insulin is
then taken alone before dinner and the NPH alone
before bedtime.

The principal drawback of this regimen is lack
of flexibility. Patients are locked into rigid meal and
snack times because the pharmacokinetics of insulin

mandate that they eat to cover the peak concentra-
tions of insulin. The daily schedule must include
breakfast, lunch, mid-afternoon snack, dinner, bed-
time snack, and possibly a mid-morning snack.
While most patients using NPH and rapid-acting
analog insulin do not count carbohydrates, the need
to keep carbohydrate amounts consistent is neces-
sary to maintain glycemic control with fixed dose
regimens. Patients and caregivers need to under-
stand that if more carbohydrates are consumed,
larger amounts of insulin are necessary. Giving
them guidelines such as adding one to two units
of analog for every 15 g of carbohydrates consumed
above their normal intake can help keep BG levels
from increasing too much when extra carbohydrates
are eaten.

If the patient or caregiver is unable to mix insu-
lins together in a syringe because of low literacy or
noncompliance, a premix of an intermediate plus
rapid- or short-acting insulin can be used. While pre-
mixes are available in vials, dispensing them in pen
form adds to the ease of use and may improve com-
pliance. The patient simply has to dial the dose on
the pen without having to worry about accurately
reading lines on a syringe. The premix insulin is given
as a standard dose for breakfast and dinner. The pro-
blems with the use of NPH are even greater for this
regimen because it limits the ability to separately
adjust the rapid- or the intermediate-acting insulin.
Another disadvantage is that many patients on this
regimen are less likely to use correction scales when
BG levels are high, either because of inability to
understand the concept or the need for an extra injec-
tion, which they are unwilling to take. The latter is
especially true for those using insulin pens because
that would require two injections at the same time.

Basal/Bolus Regimens

For patients and caregivers who are motivated, insu-
lin glargine or detemir plus rapid-acting insulin
allows the most flexibility of any multiple daily-
injection regimen. Glargine and detemir are typically
given initially as a single dose once daily. For young
patients and those with nocturnal hypoglycemia,
insulin glargine can be started in the morning. For
patients who like to sleep in some days while waking
up early on others, taking glargine or detemir at bed-
time allows greater flexibility because they do not
have to get up early to take their injection, eat, and
then go back to bed, as recommended for patients
on NPH regimens. While the most common times
for administering insulin glargine are first thing in
the morning or before bed, the injection can be given
at any time because of its long duration of action and
minimal variation in insulin concentration, so long as
the time is consistent from day to day. For some
patients, especially toddlers, glargine does not last a
full 24 hours. Thus, if BG levels tend to be higher with
increased duration following the injection, even after

Table 3 Initial Insulin Dose Calculations Based on Patient Weighing

48 kg

Type of insulin Dose calculations

NPH þ Aspart (A)/Lispro

(L)/Glulisine

(G)/Regular (R)

A.M.: 48 kg� 0.66¼ 31.58¼ 32

32� 0.66¼ 21.12¼ 21 units NPH

32� 0.33¼ 10.56¼ 11 units A/L/G/R

P.M.: 48 kg� 0.33¼ 15.84¼ 16

16/2¼ 8 so, 8 units NPH and 8 units

A/L/G/R

Premixed insulins 70/30

or 75/25

A.M.: 48 kg� 0.66¼ 31.58¼ 32 units

70/30 or 75/25

P.M.: 48 kg� 0.33¼ 15.84¼ 16 units

70/30 or 75/25

Glargine (usually 60–70%
of total NPH dose)

See above NPH calculation: A.M.¼ 21 units

P.M.¼ 8 units, so 21 þ 8¼ 29 units

NPH total daily

29� 0.60¼ 17.4¼ 17 units Glargine or

29� 0.70¼ 20.3¼ 20 units Glargine
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increasing the dose, splitting the glargine dose should be
considered. The way in which the dose is split must be
individualized, though usual regimens are: 50/50, or
two-thirds in the A.M. and one-third in P.M./hs, or two-
thirds in the P.M./hs and one-third in the A.M.

The need to count carbohydrates for all meals and
snacks and to give injections to cover carbohydrates eaten
with these meals and snacks can lead to as many as 7 to
10 injections/day, depending on the frequency of snack-
ing. Thus, the major disadvantage of glargine or detemir
use is the number of injections of rapid-acting analog
required, especially for patients who snack frequently.
Patients tire of the frequent shots and may skip injections
or snack without giving insulin coverage. The need to
count carbohydrates for all food intake can also be over-
whelming and requires support to patients, including
nutrition counseling and telephone- or e-mail contact.

It is important to remember that patients may
achieve better metabolic control if they change to a dif-
ferent regimen rather than attempting to adjust insulin
within the current routine. If a more complex regimen
worked for a while, but then circumstances change
and that regimen no longer works, one can switch to
a simpler regimen until the patient is ready to make
changes. The same can happen for patients who had
been placed on a regimen requiring minimal decision-
making because of noncompliance, but are now able
to take more responsibility for their diabetes manage-
ment and can be prescribed a more complex regimen.
The patient and caregiver must be aware of the pros
and cons of each treatment program so they know what
to expect from day to day.

CONTINUOUS SUBCUTANEOUS INSULIN INFUSION

Continuous subcutaneous insulin infusion or insulin
pump therapy is the most intensive insulin manage-
ment system currently in use, mimicking normal
b-cell function in providing variable amounts of basal
insulin throughout the day. The pump also allows
delivery of a larger bolus dose of insulin to provide
adequate insulin coverage for food intake.

The decision to initiate CSII must not be entered
into without careful consideration of the following cri-
teria for identifying appropriate candidates:

& Patients should have a history of keeping all
clinic appointments. Patients who miss or cancel
appointments are more likely to not adhere to the
requirements of CSII treatment.

& A logbook should be kept for one month. This will be
preparation for the detailed record keeping necessary
for success on the pump.

& The patient or parent of the younger child must check
blood glucose four to six times daily. For at least one
week following initiation of CSII, pre– and two-hours-
postprandial BG checks are needed.

& The patient or parent must be able to accurately count
carbohydrates as evidenced by a satisfactory score on
a carbohydrate counting test.

& The patient or parent must be able to appropriately
calculate insulin dose for meal coverage using an
insulin to carbohydrate ratio and correction factor.

& The patient or parent should contact the healthcare
provider weekly to review BG levels. This will be pre-
paratory for the frequent contact, which must be
maintained with CSII.

& Hemoglobin A1C (HbA1C) level should be less than 9%
or decreasing, indicating attention to diabetes manage-
ment. This criterion can be negotiable under special
circumstances (e.g., very young children).

& The most important criterion is that all members of
the family, especially the child, must want the pump.
The child will be the one wearing it, so the child’s feel-
ings must be considered.

After meeting these criteria, the patient and
parents should attend an ‘‘Introduction to Insulin
Pump’’ class. Often done in a group setting, this class
should be maximally participatory, giving families the
opportunity to pose questions about pump therapy.
The interaction between families adds to the learning
experience. Allowing the patient and parents to insert
an infusion set in this controlled environment helps to
dispel fear about the infusion set being painful.

It is a good idea for the child to wear a pump
containing saline solution before beginning insulin
treatment with the device. This gives the child a
chance to see what it will be like to live with the pump
continuously before making the final commitment to
CSII. A saline delivering pump should be worn for
three to seven days to allow the patient and parents
the opportunity to manipulate the pump without fear
of making a mistake that would have medical conse-
quences. It also allows them to become comfortable
with the different buttons and pump operations. It
can be more beneficial for the parent of a young child,
rather than the child, to wear the saline infusion
pump because the parent will be the one manipulat-
ing the pump and doing the button pushing.
Even elementary school-aged children, who are cap-
able of button pushing, should have caregivers who
are comfortable with all pump operations. As with
conventional therapy, caregivers may relinquish
responsibility to the child too quickly, without
adequate supervision.

Another consideration is how soon after diag-
nosis, CSII should be considered. Some doctors offer
it as initial treatment. This is based on the family’s
current understanding of diabetes management and
ability to assimilate the basics of diabetes care. We
have not yet done this. The time of diagnosis is highly
stressful and educationally intense; teaching the
requirements of pump therapy in addition to every-
thing else that must be taught could be
overwhelming for families. We have considered it best
to wait until the family is comfortable with managing
their child’s diabetes and able to demonstrate the
behaviors noted in the criteria above. After a month
to several months, if the patient and caregivers meet
the criteria and express interest in this therapy, they
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are eligible to go through pump class and proceed
with initiation of CSII.

Once these eligibility requirements have been
met and the patient or caregivers decide which pump
they want, the insurance company must be contacted.
Families should check with their health insurance car-
rier before initiating the pump preparation process to
determine what their personal cost will be. The pump
alone costs about $5000, with supplies exceeding
$1500 per year. Coverage can vary from state to state,
with some states requiring coverage for the pump and
all associated supplies (Table 4) (19).

Infusion Site and Infusion Set

The insertion site for the infusion is the subcutaneous
fat, as with traditional insulin injections. Appropriate
loci for insertion are in the abdomen, arms, thighs,
and buttocks. Site rotation is as important for CSII
as for insulin injections. The site must be changed
every two to three days or more frequently if pro-
blems occur with insulin delivery or site infections.
Scar tissue or lipohypertrophy will develop with
inadequate rotation and result in erratic insulin
absorption. The new site must be at least a half inch
from the old site. It is important to avoid areas of fric-
tion such as waistbands and clothing seams when
deciding where to place the infusion set. The site
should be at least two inches from a bone, a scar, or
the umbilicus. The site should be changed in the
morning, not at night, so that any problem with a
new site will be detected early with BG monitoring
throughout the day. Blood ketones can be checked in
addition to urine ketones if the child is asleep, if urine
cannot be obtained, or as clinically indicated. The
blood glucose should be checked one to three hours
after changing the site to ensure that the system
is working. The site should be changed if two
consecutive BG levels are above 240 mg/dL or moder-
ate to large urine ketones are present (Fig. 1). Ketones
are checked at a lower BG value with CSII because
there is no long-acting insulin reserve; thus, if there
is a problem with the system, the blood glucose and
urine ketones or blood B-OHB levels are the first
indicators of impaired insulin delivery. Indicators of
site problems include redness, irritation, swelling,
induration, discharge, or discomfort. Signs of infusion-
set problems include air in the tubing, loose connection
between cartridge and reservoir, insulin leakage at the
infusion site, kinked cannula, air in the infusion set,
blood in the infusion set, and loose adhesive backing
caused by sweating or water activities.

Needle insertion discomfort can be alleviated by
using an ice cube or analgesic cream such as ElaMax
or Emla Cream, available at some pharmacies and
medical supply stores. Standing up when inserting
the needle/catheter into the abdomen, buttocks, or
thighs can make the task easier. Facing a mirror can
also be helpful.

Problems with nonadhesion of the infusion set
can be alleviated by using an adhesive such as IV
PrepTM, Skin Prep, or Mastisol. UnisolveTM or Deta-
cholTM can be used to remove adhesive agents.
These are available at some pharmacies and medical
supply stores, and online at Ferndale Laboratories.
Some patients use TegadermTM to help with adhesion.
Inserting through the Tegaderm works for some
patients while others put it on top of the infusion
set after needle insertion has been completed. Cutting
a hole in the Tegaderm allows the infusion set to be
disconnected from the cannula, if necessary.

The site should be checked by the patient or par-
ent at least once a day and following vigorous activity
as the catheter may become dislodged. A skin-
protective agent such as IV PrepTM should be used
before inserting the needle/catheter to avoid skin irri-
tation. If a site becomes inflamed or irritated, a topical
bacteriostatic agent such as Bactroban may be applied
after removing the catheter. The patient or parent
should be instructed to notify the health-care team
immediately if there are any signs of infection, includ-
ing fever, erythema, and pus or drainage from the site.

A variety of infusion sets are available with dif-
fering lengths of catheters and tubing. Age, size, and
personal preference of the patient should all be taken
into account. Some catheters are inserted perpendicu-
lar to the skin while others are inserted at an angle.
There are inserters for some infusion sets, while
others must be manually inserted. This is again a per-
sonal preference. Newer infusion sets include the
inserter, set, and tubing as a disposable unit. With
the exception of the MiniMed Paradigm model, pump
infusion sets made by different companies are inter-
changeable among pump brands to allow patients
more options. Younger patients and others with little
subcutaneous fat may prefer infusion sets that are
inserted perpendicular to the skin and have a shorter
catheter. Patients who are very active or have more
subcutaneous fat may benefit from angled sets, which
have longer catheters. Occasionally, patients vary the
type of set used depending on the insertion site.

Special Considerations

Teenage girls considering pump therapy may have
body image concerns, making the realization that
the pump will be attached at all times important. This
offers the opportunity for creativity about how to
wear the pump with various outfits. Toddlers and
younger elementary school-age children are apt to
experiment with pushing buttons on devices. To safe-
guard against accidental pushing of buttons with
resultant insulin delivery, each pump has a block fea-
ture. When the block is turned on, no insulin bolus
can be delivered. A special keypad combination must
be pressed to unlock the pump and allow a bolus to be
given. The buttocks are often the best insertion site in
toddlers who might not have much subcutaneous fat
on the arms, abdomen, or thighs. This site is an area
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which the toddler cannot see, and would thus be less
likely to pull out the catheter.

CSII Initiation

Insulin analogs are used in insulin pumps, including
Aspart (Novolog), Lispro (Humalog), and Glulisine
(Apidra). There are various ways to determine initial
insulin dosages, which are dependent on the patient’s
previous insulin regimen. It is best to initiate CSII first
thing in the morning so that any problems with insu-
lin dose or insulin delivery will be recognized early
(Table 5). If patients are started on the pump later in
the day, slight adjustments for insulin given on the
day of pump start may need to be made.

At initiation of CSII, the following instructions
should be given to patients and their caregivers:

& BG levels should be checked before meals, two hours
postprandial, bedtime, midnight, and 3 A.M.

& A correction dose of insulin should be given before
breakfast, lunch, and dinner according to the prescribed
correction factor.

& A correction dose should only be given two hours post-
prandial, bedtime, midnight, and 3 A.M. if the blood
glucose is greater than 240 mg/dL. A correction dose
of insulin should not be given for any BG value less than
240 mg/dL at these times because it will be impossible
to determine if the correction dose or the basal rate is
the cause of hypoglycemia following frequent insulin

correction boluses. In order to evaluate the appropriate-
ness of the basal rates and bolus doses, patients should
eat only breakfast, lunch, and dinner for the first week.
This regimen obviously would require modification for
the infant and toddler.

& It is recommended that patients or parents keep a
detailed insulin pump log to keep track of BG levels,
basal rates, boluses (food and correction), ketones, exer-
cise, site changes, and food eaten. This will permit
explanation of variations in BG levels more effectively
to the healthcare provider (Fig. 2).

If BG levels are not in target range and it is not
clear whether the basal rate or bolus dose needs to be
adjusted, basal rate checks should be performed before
making any adjustments. The criteria for checking
basal rates include: no food for 4 to 5 hours, no bolus
for 4 to 5 hours, and no exercise for 12 hours. Basal-rate
checks can be performed for overnight, morning,
afternoon, and evening time periods. The overnight
basal-rate check should be performed first. If, at any
time during a basal-rate check the patient experiences
hypoglycemia, the patient should be treated and the
basal-rate check repeated on another day.

Overnight Basal-Rate Check

& Check BG level, give bolus dose of insulin, and eat
dinner by 7:00 P.M.

Figure 1 Guidelines for treatment

of blood glucose (BG) greater than

240 mg/dL with continuous subcuta-

neous insulin infusion.
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Figure 2 Sample patient insulin pump log. Abbreviation: BG, blood glucose.

Table 5 How to Determine Initial Pump Doses

Type of insulin Time of administration Day before pump start Day of pump start Basal rate calculation

Glargine (Lantus) q HS Discontinue Glargine and give

NPH at bedtime. Convert

Glargine dose to NPH dose.

TDD Glargine divided by 0.6

to 0.7 then multiply by 0.33

Patient to take analog only

based on correction factor

and insulin to carbohydrate

ratio

TDD of Glargine divided by

24 for hourly rate

q A.M. Give usual Glargine dose No Glargine the morning of

pump start. Patient to take

analog only based on

correction factor and insulin

to carbohydrate ratio

TDD of Glargine divided by

24 for hourly rate

q A.M. and q P.M. or q A.M.

and q HS (split dose)

Give usual Glargine doses No Glargine the morning of

pump start. Patient to take

analog only based on

correction factor and insulin

to carbohydrate ratio

TDD of Glargine divided by

24 for hourly rate

NPHa q A.M. and q P.M. or q A.M.

and q HS

Give usual NPH doses No NPH the morning of pump

start. Patient to take analog

only based on correction

factor and insulin-to-

carbohydrate ratio

TDD of NPH multiplied by

0.6–0.7¼Glargine

dose. Divide Glargine

dose by 24 for

hourly rate

aFor premixed 75/25 or 70/30 insulins, determine the equivalent NPH dose and follow above guidelines.

Abbreviation: TDD, total daily dose.
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& Then, no food (unless low), insulin bolus, or exercise
until the next morning.

& Check blood glucose at: 9:00 P.M., 12:00 A.M., 3:00 A.M., and
7 A.M.

Morning Basal-Rate Check

& Wake up and check blood glucose by 7:00 A.M.

& Skip breakfast.
& Then, no food (unless low), insulin bolus, or exercise

until 11:00 A.M.

& Check blood glucose at: 7:00 A.M., 9:00 A.M., and 11:00 A.M.

Afternoon Basal-Rate Check

& Check blood glucose, give bolus dose of insulin, and eat
breakfast by 7:00 A.M.

& Then, no food (unless low), insulin bolus, or exercise
until 5:00 P.M.

& Check blood glucose at 12:00 P.M., 2:00 P.M., and 5:00 P.M.

Evening Basal-Rate Check

& Check blood glucose, give insulin bolus, and eat lunch
by 12:00 P.M.

& Then, no food (unless low), insulin bolus, or exercise
until 9:00 P.M.

& Check blood glucose at 5:00 P.M., 7:00 P.M., and 9:00 P.M.

The BG level should remain relatively constant if
the basal dose is correct. It is important to review pat-
terns of glycemia when making adjustments to basal
rates or bolus algorithms. If basal-rate checks reveal
patterns that need adjusting, the rate two hours before
the abnormal pattern should be adjusted. It is ideal to
get the overnight and fasting blood sugars under con-
trol first because they can affect the rest of the day’s
readings (Table 6).

In addition to setting basal rates for CSII, bolus
doses must also be calculated, both for BG coverage
and carbohydrate coverage. BG coverage is based
upon each patient’s individual insulin sensitivity fac-
tor (ISF). ISF is how much one unit of insulin will
drop the blood glucose in mg/dL. To figure out the
initial ISF, there are various rules to use, including
the ‘‘Rule of 1800’’ or ‘‘Rule of 1500.’’ Most commonly,
we use the ‘‘Rule of 1500.’’ We take the patient’s TDD
inclusive of long- and short-acting insulin, and divide
1500 by the TDD, rounding off to the nearest multiple
of 5 or 10. These rules are a starting point, with
adjustments made depending on the BG readings.
Because insulin sensitivity increases at night and with
increased exercise, patients often require less
correction at these times. Therefore, we usually give
half the usual dose to correct for hyperglycemia at
bedtime (19).

Once the ISF is determined, the target BG level
must be set. This will vary with age, with infants
and toddlers having a higher BG target, from 100 to
180 mg/dL (110–200 at bedtime). School-age children
usually have a target BG level of 90 to 180 mg/dL.
At onset of puberty, the target range should be low-
ered to 90 to 130 mg/dL (20). Another option to

avoid nocturnal hypoglycemia is to increase the bed-
time target blood glucose instead of increasing the
bedtime ISF to account for increased insulin sensi-
tivity. An example would be: if usual target blood
glucose is 150 mg/dL, the bedtime target could be
increased to 200 mg/dL. If changing the ISF or target
blood glucose is too confusing for the patient, we
advise using usual ISF and target, and dividing the
correction in half.

For carbohydrate coverage, the I:C should be
determined. Once again, there are algorithms for
determining initial I:C. The most commonly used of
these are the ‘‘Rule of 450’’ and the ‘‘Rule of 500’’ indi-
cating the divisor for the patient’s TDD. While some
patients are on a consistent I:C for the entire day,
many require a different I:C with each meal and
snack. Patients who already have an I:C do not need
to change the ratio initially when pump therapy is
initiated, although adjustments may be required with
CSII. The I:C can be determined for patients receiving
a fixed dose of rapid-acting insulin before meals by
determining how many carbohydrates are typically
consumed and dividing that amount by the usual
fixed insulin dose (19).

Once the ISF, target blood glucose, and I:C have
been determined, the bolus dose of insulin can be cal-
culated. The BG coverage (correction bolus) and
carbohydrate coverage (carbohydrate bolus) must
each be calculated and then added together to deter-
mine the mealtime bolus. To determine the coverage
for hyperglycemia, the target BG level is subtracted
from the current blood glucose and divided by the
ISF. For the carbohydrate coverage, the total carbohy-
drates eaten are divided by the I:C. The two subtotals
are combined for a complete bolus amount (Table 7).
The ISF, target BG, and I:C can be preprogrammed
into the newer ‘‘smart’’ pumps. When the patient or
parent enters the BG reading and amount of carbohy-
drates eaten, the pump uses the settings to determine
a bolus amount. This eliminates the need for the user
to do the calculation. The bolus is not automatically
delivered; each pump requires multiple button
pushes before a bolus will be delivered. The patient
or parent can choose to override or accept the
suggested amount.

Typically, the carbohydrate and correction
boluses are delivered as a standard bolus, whether
delivered together or separately. This means the deliv-
ery occurs all at once as soon as the patient accepts
and activates the dose. However, there are various
types of advanced bolus features that can be per-
formed with insulin pumps. A square wave or
extended bolus is the entire calculated bolus extended
over a specific period of time, usually two to three
hours for high carbohydrate foods. A dual wave or
combination bolus is used for high protein, high fat
meals such as steak, pizza, or a bacon cheeseburger.
Usually 20% to 30% of the total bolus is delivered
initially, while 70% to 80% is then delivered over the
next two to three hours. Some pumps also have audio
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Table 6 Tips for Troubleshooting Hyperglycemia with Continuous Subcutaneous Insulin Infusion

Factors to consider when evaluating hyperglycemia Possible cause/action

Infusion site

Check infusion site for redness, swelling, hardness, drainage/discharge,

and pain

Possible infection. Remove infusion set immediately. Check blood glucose

and urine ketones. May need to give a manual injection and call

Pediatric Endocrinology

Refer to guidelines for blood glucose > 240

Lipohypertrophy (scar tissue or ‘‘puffy’’ areas) Occurs when a site is used too often. Insulin absorption is erratic. Must

rotate sites

Poor placement of infusion set Site is in an area when constant friction occurs such as at the waistline or

underwear seams or bands

Infusion set

Air in tubing Disconnect tubing from the site and prime until you have cleared the air

in the tubing

Leakage at the site Change infusion set and site immediately

Catheter dislodged or kinked Change infusion set and site immediately. May need to use an adhesive to

keep the infusion set adhered to the skin

Blood in infusion set Change infusion set and site immediately

Set inserted at bedtime Problems with the infusion set will not be detected because you are not

checking your blood glucose during the night. Avoid nighttime changes

unless you have problems. Perform site insertions in the morning

Omission of cannula bolus Forgetting to fill the ‘‘dead space’’ in the cannula after inserting a new

site will result in no insulin delivery for that amount (0.5, 0.7, etc.) and

can result in high blood glucose because less basal is delivered

Insulin pump

Time on pump is not correct Basal rates will run according to the pump time and not the actual time.

It can result in not enough or too much insulin delivered. Always

review basal rate changes after entering them

Failure to activate bolus or basal rates Look at the status screen or basal/bolus review to determine whether

or not the desired delivery actually occurred

Placing the pump in suspend Forgetting to resume delivery after suspending for exercise, etc.

Program/pump alarms Refer to user manual and/or call 1–800 number

Incorrect clock time Change clock to reflect present time

Low or dead battery Change battery

Insulin

Change in appearance, or exposure to high temperature or frozen Exposure to extreme temperatures will damage insulin. It is possible to

get a ‘‘bad’’ vial of insulin from the pharmacy or mail order supply

company. Immediately change reservoir and insulin vial

Food

Incorrect bolus or forgetting to bolus Inaccurate carbohydrate estimation. Important to read labels and use

resources to determine accurate carbohydrate counts

High protein or fat content in meal/snack Protein and fat will delay the absorption of carbohydrate. High blood

glucoses may occur later after eating larger quantities of protein or fat such

as a 10 oz. steak, bacon cheeseburger, pizza, etc. Need to speak with your

healthcare team about using an extended/square or dual wave bolus

Special occasions such as holiday meals, where a variety of foods are

eaten over time

Same as for high fat or protein meals. Ask your healthcare team about using

an extended/square or dual wave bolus

Poor timing of bolus Forgetting a bolus and/or giving it late

Activity

Decrease in activity or change in schedule Decrease in normal activity such as long car rides or traveling, staying indoors

during inclement weather, end of season for soccer, baseball, etc., may

result in higher blood glucose levels

Blood glucose > 240 before exercise Must check urine ketones if BG >240. If exercise occurs with moderate-

to-large ketones, blood glucose will increase and nausea and vomiting

may occur

Do not exercise when urine ketones are moderate to large. Follow guidelines

for blood glucose >240

Blood glucose (BG) monitoring

Not enough BG checks High blood glucoses are missed if not checking regularly before meals

and at bedtime. Also, more frequent checks must be done during illness

when blood glucoses tend to be higher

Persistent high blood glucose at particular times of the day Changes in schedule, normal growth during childhood and adolescence, etc.,

hormonal changes during adolescence, menstrual cycles and pregnancy, will

cause fluctuations in blood glucoses

(Continued)
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boluses, which means a specific button can be pushed
without the patient looking at the pump and a prepro-
grammed increment bolus will be delivered, often
with beeps played back for the patient to confirm
the amount.

Insulin Pump Resources
Companies
Animas Corporation
200 Lawrence Drive
West Chester, PA 19389 USA
Tel: 610–644–8990 Fax: 610–644–8717
Info: 1–877-YES-PUMP (1-877–937–7867)
Service: 1–877–767–7373
www.animascorp.com

Disetronic Medical Systems, Inc.
11800 Exit 5 Parkway, Suite 120
Fishers, IN 46037
Tel: 866–703–3476 Fax: 888–810–0758
www.accu-chek.com

Medtronic MiniMed
18000 Devonshire Street
Northridge, CA 91325
1–800-MINIMED (1-800–646–4633)
www.minimed.com

Nipro Diabetes Systems

Tel: 888–651–7867 Fax: 954–435–9295
http://www.niprodiabetes.com

Smiths Medical MD, Inc. (formerly Deltec)
1265 Grey Fox Road
St. Paul, MN 55112 USA
1–800–826–9703
www.CozMore.com

Accessories

Diabetes Mall
http://www.diabetesnet.com

PumpPak.com
http://www.pumppack.com/

Pump Wear Inc.
http://www.pumpwearinc.com/

Unique Accessories Inc.
http://www.uniaccs.com/index.asp

Adhesives/Numbing Agents

Ferndale Laboratories:
Mastisol/Detachol
http://www.ferndalelabs.com

Emla Cream
http://www.emla-us.com/

Table 6 Tips for Troubleshooting Hyperglycemia with Continuous Subcutaneous Insulin Infusion (Continued )

Factors to consider when evaluating hyperglycemia Possible cause/action

Incorrect sensitivity factor Basal rate checks are performed to adjust for these situations

May need to be changed due to an increase or decrease in total daily insulin

usage due to a change in schedule, regular activity, growth, hormonal

changes, etc.

Other

Medication Some medications will raise the blood glucose; steroids in particular,

especially if taken for a period of time

Illness Illness refers to any deviation from normal health such as a cold, sore throat,

headache, recuperation from surgery and flu or virus. The stress of illness

may result in high blood glucoses. Refer to Sick Day Guidelines

Hormonal As previously noted, normal growth, adolescence, menses and pregnancy may

result in higher blood glucoses

Table 7 Sample Patient Calculation

Sample patient

ISF calculation using the

‘‘Rule of 1500’’

I:C calculation using the

‘‘Rule of 500’’ Bolus dose calculation for pump

Age¼ 10 TDD¼ 52 units TDD¼ 52 units BG¼ 225

Target BG¼ 150

Current BG¼ 225

1500/52¼ 28.85¼ 29, so round

to nearest 5 or 10

500/52¼ 9.6¼ 10 Total Carbs¼ 75

Current insulin dose ISF¼ 30 I:C¼ 10 BG� target BG/ISF

Breakfast¼ 24 units NPH

12 units Aspart

So, 1 unit Aspart for every 10

carbohydrates consumed

225� 150¼ 75� 30¼ 2.5 units

Total carbs 75� 10¼ 7.5 units

Dinner¼ 8 units NPH

8 units Aspart

So, 2.5þ 7.5¼ 10 units total bolus

TDD¼ 52 units

Abbreviations: TDD, total daily dose; BG, blood glucose.
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SICK DAY MANAGEMENT

These guidelines for sick days are designed to help
manage blood glucose and prevent or treat early
ketoacidosis (DKA) during illness or stress. Insulin
injections need to be continued even if the child refuses
to eat or is vomiting. The notion of continuing to take
insulin despite no food intake is counterintuitive for
many parents, who need to appreciate the increased
insulin requirements associated with stress of illness,
resulting in counterregulatory hormone-induced gluco-
neogenesis and ketogenesis. BG levels should be
checked more frequently than usual, at least every two
to four hours. Urine or blood ketones should be checked
often, as well. If the child is sick, ketones should be
monitored even if the BG level is low or normal. If
vomiting occurs, ketones should be checked each time
the child urinates, with repeated testing at least every
two to three hours. Sick-day management with use of
serum B-OHB measurement was discussed in the moni-
toring section. Extra insulin may be necessary for the
insulin resistance accompanying the illness or if ketones
are present.

For negative, trace, or small ketonuria, increas-
ing water intake, exercise, or insulin supplementation
can be tried. For moderate or large ketonuria, extra
insulin should be administered based on the TDD of
insulin (Table 8).

For patients taking multiple daily injections,
temporary adjustments may need to be made to I:C,
target BG levels, and doses of the long-acting and/
or rapid-acting insulins, even in the absence of keto-
nuria, if glucose levels remain elevated. Examples of
adjustments to bring high BG levels down include:
standard doses of intermediate or long acting insulin
being increased, I:C being changed from 1:15 to 1:12
or 1:10, lowering target BG levels from 150 to
120 or 100, and adjusting the ISF because of insulin

resistance associated with illness. More specifically,
if the insulin sensitivity is normally 50, it may need
to be changed to 30 or 25. All of these examples
increase the insulin dosages to account for hypergly-
cemia accompanying illness.

Patients using CSII have another option for man-
aging hyperglycemia on sick days. Pumps have a
feature that allows a temporary basal rate to be pro-
grammed. The temporary rate can be set as units
per hour or as a percentage of the usual rate. The per-
centage is most commonly used, leaving the pump to
calculate the temporary rate. If the units per hour fea-
ture is used, the new basal rate per hour must be
manually determined and entered into the pump.
This feature may be useful if the patient is giving
boluses and the BG remains high or if the patient is
not eating and the BG remains high. It allows the
basal rate to be temporarily increased and then
decreased to usual rates when insulin sensitivity nor-
malizes. A good starting place is a 20% to 30%
increase for three to four hours. This period can be
extended for as long as necessary to maintain BG
levels in the target range. Sometimes temporary basal
rates need to be set up to 50% more than regular
basal rates for as long as 8 to 24 hours. This is a
situation in which frequent BG checks are necessary.
The usual rates can be restored when the patient’s
BG levels begin to normalize.

While most children become hyperglycemic
with illness despite not eating, some will have a
decrease in glycemia under these conditions. We
provide the following guide to our patients for appro-
priate fluids for various BG ranges.

& If the blood glucose is below 120 mg/dL:
FLUIDS: need to contain extra glucose such as soda or
a sport drink with sugar added. The child should

Table 8 Ketone Management: How to Determine Supplemental Insulin Doses

Type of insulin Moderate ketones Large ketones

NPH þ Lispro/Aspart/

Glulisine or NPH þ Regular

or 70/30 or 75/25

Add all doses and multiply the TDD by 15%. May give all as

lispro/aspart/glulisine, all as Regular, or 50% as lispro/

aspart/glulisine and 50% as Regular

Add all doses and multiply TDD by 20%. May give all as

lispro/aspart/glulisine, all as Regular, or 50% as lispro/

aspart/glulisine and 50% as Regular

Lantus þ Lispro/Aspart/

Glulisine

Add Lantus dose to analog dose and multiply the TDD by

15%. Because patient’s analog doses vary meal-to-meal

and day-to-day estimate how much analog is taken on

average with various meals and snacks. May give all as

lispro/aspart/glulisine, all as Regular, or 50% as lispro/

aspart/glulisine and 50% as Regular

Add lantus dose to analog dose and multiply the TDD by 20%.

Because patient’s analog doses vary meal to meal and day

to day, estimate how much analog is taken on average with

various meals and snacks. May give all as lispro/aspart/

glulisine, all as Regular, or 50% as lispro/aspart/glulisine

and 50% as Regular

Pump (Lispro/Aspart/

Glulisine)

Multiply the TDD, including the total basal rate and boluses,

by 15%. Because bolus amounts vary from meal to meal

and day to day estimate how much is taken on average with

meals and snacks. Most pumps have a feature that shows

Daily Totals. Access this feature and use the average. May

give all as lispro/aspart/glulisine, all as Regular, or 50%
as lispro/aspart/glulisine and 50% as Regular via a

subcutaneous injection. Infusion set should be changed

after the injection is given

Multiply the TDD, including the total basal rate and boluses,

by 20%. Because bolus amounts vary from meal-to-meal

and day-to-day, estimate how much is taken on average

with meals and snacks. Most pumps have a feature that

shows Daily Totals. Access this feature and use the average.

May give all as lispro/aspart/glulisine, all as Regular, or

50% as lispro/aspart/glulisine and 50% as Regular via a

subcutaneous injection. Infusion set should be changed

after the injection is given

Abbreviation: TDD, total daily dose.
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continue with glucose-containing drinks until the blood
sugar is above 120 mg/dL.

& If the blood glucose is between 120 and 180 mg/dL:
FLUIDS: need to contain approximately 15 g of carbohy-
drates such as half cup of ginger ale or cola, half cup of
regular Jell-O1, half cup of juice, or half popsicle.
FOODS: need to have at least 15 g of carbohydrates per
serving. If the child cannot eat normal meals, possible
‘‘sick day’’ foods include: half cup of ice cream or sher-
bet, one slice of toast, or six saltines.

& If blood glucose is above 180 mg/dL:
FLUIDS: need to have no calories such as diet soda,
unsweetened tea, or water.
FOODS: need to be small servings as tolerated.

If the child is nauseated or vomiting, give small
sips of clear fluids (such as ice chips, popsicles, clear
broth or bouillon, gelatin, water, or tea). Avoid orange
juice, milk, or milk products. Speak with your dia-
betes team about fluid replacement and advancing
to foods. Nutritional needs and insulin doses can
change hour by hour depending on BG and urine
ketone levels.

Some children and teens may benefit from an
over-the-counter product to control nausea such as
Emetrol1, which should be taken as directed on the
bottle. Regular intake of cola, ginger ale, or other soda
with the bubbles shaken out may also be helpful. If
the child is vomiting, the diabetes team or primary
physician needs to be involved. If the child has not
been ill for more than a few hours and is not vomiting
continuously, a Tigan or Phenergan suppository
may control the vomiting and permit oral fluid intake,
thus avoiding a visit to the emergency room for
rehydration.

Elective Surgery

Elective surgery usually requires insulin dose
adjustments, depending on the patient, the type of
surgery, and time of surgery. Procedures should be
scheduled as early in the morning as possible, with
the first appointment of the day being ideal. Once par-
ents are informed about any pre- or postsurgery
dietary restrictions, they should contact their diabetes
care provider. Sometimes, the surgeon prefers to talk
to the diabetes care provider directly (21).

If local anesthesia is used, as in many dental
procedures, there are no restrictions to meals before
or after surgery. In these situations, small reduc-
tions in insulin dose may be made to account for
decreased appetite such as from soreness of the
mouth associated with dental surgery. If the patient
does not eat before the procedure, the long-acting
insulin may be administered before surgery, and
the short-acting insulin after the procedure is done,
but only if the patient eats. The easiest adjustments
are made for patients on long-acting insulin analog
or CSII. Long-acting analog treated patients often
take their usual dose the night before or morning
of surgery with supplemental bolus insulin as

needed for hyperglycemia (e.g., with the attendant
anxiety) or when they eat. CSII patients can have
their basal rates or bolus doses adjusted every hour
as needed to keep up with their changing insulin
needs (21).

General anesthesia places more restrictions on
patients. Vomiting occurs more frequently after
general anesthesia, which limits eating because of
the risk of aspiration. This usually requires changing
insulin doses. The dose of long-acting insulin can be
decreased up to 50% with as needed coverage using
short-acting insulin. Instead of using any long-acting
insulin, supplemental doses of rapid-acting insulin
can be given every two to three hours based on the
BG levels, or if the procedure is long, the patient
may be maintained with intravenous insulin, with
dosage based on BG checks and determined by the
doctor performing the procedure (21).

The most important consideration with elective
surgery is frequent monitoring of BG levels before,
during, and after surgery. While decreased eating
may occur, which necessitates decreased insulin
doses, the stress associated with the surgery could
result in a need for increased insulin. Where the sur-
gery is performed as well as its duration will
determine who is responsible for monitoring BG
levels during surgery. The anesthetist must check
the glucose every one to two hours during the pro-
cedure. If the BG level begins to drop below
200 mg/dL, dextrose should be added to intravenous
fluids (21).

HYPOGLYCEMIA

Causes of hypoglycemia include:

& Too much insulin
& Inadequate food intake
& Delayed meals or snacks
& Strenuous exercise (which can have an effect up to

24 hours later)

Hypoglycemia characteristics can vary greatly
between patients and even from episode to episode
in the same patient. It is important to stress to the
patient and caregivers that they need to be familiar
with the usual pattern for early recognition of
hypoglycemia in future situations. Signs and symp-
toms of hypoglycemia include:

& Dizziness
& Shakiness
& Personality changes
& Irritability
& Sweating
& Changes in vision
& Weakness
& Headache
& Anxiety
& Inability to concentrate
& Tachycardia or palpitations
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If any of these symptoms are present, the BG level
should be checked. If less than 70 mg/dL, 15 grams of
fast-acting carbohydrate should be given such as:

& Three to four glucose tablets
& Four ounces of juice
& One-third can of regular soda
& If the child is uncooperative, glucose gel may be used (1

tube¼ 15 g carbohydrate)
& Solid food should not be given until the BG level is

greater than 70 mg/dL because the absorption rate
is slowed if fat and protein are ingested before or simul-
taneously with fast-acting carbohydrate and the patient
will have longer duration of hypoglycemia.

After 10 to 15 minutes, the BG level should be
rechecked.

& If the BG level is still less than 70 mg/dL, treatment
should be repeated with another 15 g of rapidly-acting
carbohydrate the BG level checked every 10 minutes,
and treatment repeated until the BG level is greater than
70 mg/dL.

& If the BG level is greater than 70 mg/dL and the time for
the next snack or meal is more than 30 minutes, a snack
should be given. It is safe to wait if the time for the next
regular food intake is less than 30 minutes. For patients
on long-acting insulin analog or CSII, an additional
snack might not be necessary unless moderate to strenu-
ous activity has been performed. Even then, bolus
insulin for the additional snack may not be necessary.

In infants and toddlers, the following additional
signs and symptoms of hypoglycemia may occur:

& Temper tantrums
& Falling asleep at unexpected times
& Uncontrollable crying
& Irritability
& Combativeness
& Pallor, shakiness, cold sweat
& Seizure

If any of these signs or symptoms is present in a
conscious child, the BG level should be checked
immediately. If less than 80 mg/dL, treatment is:

& To quickly give one to two ounces of sugar-containing
liquid such as juice, regular soda, milk, or formula. This
can be done by syringe if the child will not cooperate by
drinking from a cup or bottle.

& If symptoms do not improve in 10 minutes, the above
feeding should be repeated.

& If blood glucose is greater than 80 mg/dL after 10 to 15
minutes or when symptoms resolve, bottle-feeding or
snack (e.g., cereal, crackers, sandwich, etc.) can be given.

If the child is already unconscious:

& Insta-glucose1 (half a tube), cake icing, or honey should
be placed between the gums and cheeks

& Glucagon 0.5 mg (0.5 cc) can be injected intramuscularly
or subcutaneously

For patients using CSII, a special algorithm for
treatment of BG readings less than 70 mg/dL should
be followed (Fig. 3). Troubleshooting hypoglycemia
in pump patients can be a challenge (Table 9).

If it is not possible to check the BG level and the
patient is symptomatic, it is always prudent to treat it
as a hypoglycemic episode. The goal is to prevent
hypoglycemia, but if it occurs, to keep it from progres-
sing to unconsciousness or seizure. Families, friends,
coaches, and school personnel must be prepared for
a hypoglycemic emergency.

The tight control associated with multiple daily
injections and pump administration may increase
the risk of hypoglycemia. We train our families in the
use of glucagon emergency kits. Glucagon comes in
1 mg vials along with a syringe prefilled with diluent.
For children less than eight years of age, 0.5 mg
should be injected. For older children, 1 mg should
be injected. In addition to the instructions for mixing,
caregivers are taught that they can inject through the
clothes, into the front of the leg or the upper arm; to
turn the child onto one side because vomiting is not
uncommon with glucagon injection; to check the
blood glucose; and to call the physician. If the child
is still unconscious after 10 minutes, the blood glucose
should be rechecked. If the blood glucose is still below
80 mg/dL, they are instructed to repeat the injection
of glucagon. There is no risk of overdosage with
glucagon. As the child awakens and is able to swal-
low, give juice or regular soda and food such as
crackers and cheese or a meat sandwich. If glucagon
is administered, the caregiver should call the diabetes
care provider after administration so that causes of
the severe low can be ascertained and insulin dose
adjustments made as necessary.

Fear of hypoglycemia is the major limiting factor
to good diabetes control, both for caregivers and
patients. This is especially true if the patient has ever
experienced a severe hypoglycemic episode which
has resulted in a seizure or unconsciousness, required
glucagon administration, or required a call to emerg-
ency medical services. Patients do not like the way
they feel when low, which can lead them to try to
maintain higher BG levels. Caregivers who have had
to deal with a severe hypoglycemic episode never for-
get the fear, anxiety, and guilt which can lead to
underinsulinization of younger children. Depending
on when and under what circumstances the hypogly-
cemic episode occurred, the patient or caregiver might
try to avoid the same circumstances in the future,
which can lead to withdrawal from important social,
physical, or educational activities. If the low occurred
during the night, caregivers often wake up frequently
to check the child’s blood glucose to prevent a recur-
rence. Even if the patient never actually had a severe
low, the fear of one occurring can lead patients
and caregivers to preoccupation with avoiding hypo-
glycemia.

Preparedness is the first step in dealing with
hypoglycemia. Providing teenagers and caregivers of

Chapter 7: Practical Aspects of Diabetes Care 141



children with diabetes a list of ‘‘Don’t Leave Home
Without . . . ’’ can be helpful and should include:

& Meter
& Strips
& Lancets
& Fast-acting carbohydrates (juice, glucose tabs, lifesavers)
& Insulin
& Syringes/pen needles
& Medic Alert or other emergency identification
& Glucagon kit

Because the risk of hypoglycemia is present
with any insulin regimen, it is vital that patients
and caregivers understand the importance of the
child wearing a medical identification necklace or
bracelet. Teenagers who begin to drive must also
be taught to carry their BG meter with them at
all times. They should check their BG level before
driving. If they are to drive a long distance, the

blood glucose should be monitored every hour or
so. If the BG reading is less than 100 before driv-
ing, a 15 g carbohydrate snack should be ingested.
If the patient begins to experience symptoms of
hypoglycemia while driving, he/she should pull
the car over, check the blood glucose, and if hypo-
glycemic, follow the above guidelines until the
blood glucose is greater than 100 mg/dl. Along
with their meter, a source of fast-acting carbo-
hydrate such as juice, glucose tablets, or lifesavers
should be kept in the car along with a more sub-
stantial snack such as a granola bar or cheese
crackers. The fast-acting carbohydrate should not
be kept in the locked glove compartment, but in
a place that is easily accessible such as the visor
or middle console of the car.

Prevention of hypoglycemia requires diligent
BG monitoring and more frequent testing during
illness, exercise, or when dose adjustments are
being made. See the section on exercise for specific

Figure 3 Guidelines for treatment

of blood glucose less than 70 mg/dL

with continuous subcutaneous insulin

infusion.
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guidelines on adjusting insulin dosages. Eating
meals and snacks on time as well as understanding
the timing of action of the insulin the patient is
taking, including onset, peak, and duration, can
help prevent lows. Knowing the individual’s his-
tory and the pattern of response in the past to
these variables can be helpful in determining ther-
apy adjustments.

Resources for Medical Identification Accessories

American Medical Identifications, Inc.
PO Box 925617
Houston, TX 77292–5617
800–363–5985
Fax: 713–695–7358
www.americanmedical-id.com

Fifty50 Pharmacy
1420 Valwood Parkway, Suite 120
Carrollton, TX 75006

800–746–7505 or 972–243–2727
Fax: 800–769–6906 or 972–243–3111
www.FIFTY50.com

Lauren’s Hope
1–800–360–8680
www.laurenshope.com

MedicAlert
2323 Colorado Ave
Turlock, CA 95382
1–800-ID-ALERT (1-800–432–5378)
www.medicalert.org

MediCharms
PO Box 558
Bryant, AR 72089
1–888–417–7591
www.MediCharms.com

Resources for Glucose Gel/Glucose Tablets

Insta-glucose
ICN Pharmaceuticals, Inc.

Table 9 Tips for Troubleshooting Hypoglycemia with Continuous Subcutaneous Insulin Infusion

Factors to consider when evaluating hypoglycemia Possible cause/action

Time of day

Before breakfast Check overnight basal rate, might be set too high

Before lunch Check basal rate for the previous time period, might be set too high

May represent overcorrection of a mid-A.M. snack

Before dinner Check basal rate for the previous time period, might be set too high

May represent overcorrection of a mid-afternoon snack

Before bed Check basal rate for previous time period, might be set too high

May represent overcorrection for dinner carbohydrates or over

compensation for hyperglycemia

Nighttime Check basal rate for previous time period, might be set too high

May represent overcorrection for bedtime snack or over

compensation for hyperglycemia

Food

Two hours after a meal or snack Review carbohydrate calculation and correction bolus if delivered. May have

overestimated carbohydrates of correction. May need to change

insulin/carbohydrate ratio or correction scale

Ingestion of alcohol May cause hypoglycemia 6–8 hr after ingestion

Eat while drinking alcohol. Always check blood glucose before driving,

going to bed, and at 3:00 A.M.

Advise friends of signs and symptoms of hypoglycemia

Timing of meal or correction bolus Forgetting to perform the bolus (either before eating or to correct a

high blood glucose) and then doing so later, without checking blood glucose

Activity

Spontaneous or planned Failure to check blood glucose before exercise, during exercise if longer

than 1 hour and after exercise

May need to snack before exercise

Basal rate may need to be reduced or pump disconnected

Basal rate may need to be reduced prior to or following activity (prolonged

activity may result in hypoglycemia several hours later)

Blood glucose monitoring

Failure to check blood glucose before a meal May have low blood glucose already. Taking normal coverage for

carbohydrates may prolong hypoglycemia

Failure to check blood glucose before bedtime May be below target goal for blood glucose

Before, during, and after exercise, especially if a change in

schedule has occurred, or a new activity is being introduced

Insulin sensitivity increases with regularly occurring physical activity.

Insulin needs are different during the school year than on vacation or

summer break

Must be performed more frequently if a child is too young to

communicate symptoms or if there is hypoglycemia

unawareness

May need to raise blood glucose goals and/or change insulin/carbohydrate

ratio and/or correction scale (sensitivity)
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Costa Mesa, CA 92626 USA
www.instaglucose.com

Glutose-15
Paddock Laboratories, Inc.
3940 Quebec Avenue North
Minneapolis, Minnesota 55427
Phone: 763–546–4676 or 1–800–328–5113
Fax: 763–546–4842
http://www.paddocklabs.com/glutose.html

BD Glucose Tablets
Becton Dickinson
www.bddiabetes.com
(888) 232–2737

Dex 4 Glucose Tablets
Can-Am Care
(800) 461–7448

Resources for Glucagon Emergency Kits

Eli Lilly & Company
Indianapolis, IN 46285 USA
Glucagon Emergency Kit for Low Blood Glucose
http://www.lillydiabetes.com/about_diabetes/what_is_

glucagon.jsp?reqNavId¼1.6.6

Novo Nordisk
GlucaGen1 Hypo Kit
1–800–727–6500
http://novonordisk.com/diabetes/public/hypokit/gluca

genhypokit/default.asp

EXERCISE

Special instructions regarding insulin and carbo-
hydrate adjustments to deal with exercise should be
provided to patients and caregivers (Table 10).

Response to exercise is highly individual. While
these guidelines provide a starting point, the exercise
plan must be adapted to each patient. The first step
is checking the BG level before, during, and after
any exercise activity to see how the blood glucose

responds. Keeping track of the adjustments made
can help the individual create an exercise plan. By
referring back to past exercise and what worked or
did not work before, the patient should be able to
avoid wide swings in BG levels with exercise. It is
important for the family to know that the glucose
levels may continue to fall for many hours after
exercise.

Exercise may be planned or unplanned. If the
patient knows that activity level will be increased
the next day, long-acting insulin may be decreased
by 10% to 20% the night before or the morning of
increased activity. This might include the glargine
dose before dinner or bedtime or the NPH dose
before bedtime or breakfast. The rapid-acting insulin
given on the day of increased activity may also need
to be decreased by 10% to 20%. Some people may
need a decrease in both the long-acting– and rapid-
acting–insulin doses, whereas others may only need
one of the insulins adjusted. This situation underscores
the need to know what adjustment was made in the
past and how it worked. The goal of therapy is to make
insulin-dose adjustments that prevent hypoglcemia
from occurring and thus avoiding the consumption of
extra food. Eating to prevent hypoglycemia can be
counterproductive and frustrating, especially for
patients with weight control problems.

Some patients notice a spike in BG concentration
after beginning exercise, especially in competitive
sports activities, as the result of the surge of epineph-
rine and, probably, cortisol. Often the blood glucose
will come down on its own with no correction bolus
of insulin. If a correction with rapid-acting insulin is
given, the glucose may drop too low, but this is not
a consistent finding. Thus, it is necessary to identify
an individual’s pattern.

The above general guidelines for mild, moder-
ate, or strenuous activity may be used for patients
using injections or CSII. However, patients using
CSII may also program a temporary basal rate.
The temporary basal rate can be set as units per hour
or as a percentage of the usual basal rate as was

Table 10 Carbohydrate Adjustment for Varying Degrees of Activitya

Type of activity

Blood glucose reading

(mg/dL) . . . . . . Do this

Mild-to-moderate activity for 30 min or less

(such as walking or biking leisurely)

< 100 Eat/drink 10–15 g carbohydrate

100–240 No additional food needed

> 240 No additional food needed

Moderate-to-strenuous activity (such as

tennis, swimming, jogging, bicycling) or

mild-to-moderate activity for more than 30 min

(such as gardening, golfing, vacuuming)

< 100 Eat/drink 15 g carbohydrate before exercise, then 15 g/hr

100–240 Eat/drink 10–15 g carbohydrate per hour

> 240 Not necessary to increase food intake. If exercising for more

than one hour—recheck blood glucose after an hour and

make calorie adjustment at that time

aSome ketosis might occur as part of the physiologic response to exercise. Many years ago a study reported that intense physical activity in children with keto-

nuria increased ketosis and blood glucose levels. However, the child with moderate-to-large ketonuria is not likely to pursue intensive exercise and we have

never seen problems resulting from exercise in a child with ketonuria.
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discussed in the sick-day management section. In
order to properly use this feature with exercise,
patients must know how their body responded in
the past, whether, for example, the glucose dropped
half an hour, one hour, two hours, or eight hours
after exercise was begun.

The following recommendations provide begin-
ning guidelines for temporary basal rates. If the
blood glucose drops 30 minutes to an hour after
beginning exercise, the basal rate should be decreased
by 20% to 30% two hours before exercise through the
end of exercise. If the BG levels normalize after finish-
ing exercise, the usual basal rates can be resumed.
However, if the patient continues to have decreasing
BG levels for several hours after completion of exer-
cise, the decreased basal rate should be continued
for an additional one to three hours. Basal rates can
be decreased by 20% to 30% for two to six hours after
finishing exercise in those patients who develop
hypoglycemia two to four hours after exercise. Some
patients have to decrease basal rates by as much as
40% to 50% if the exercise is very strenuous. Patients
with a very delayed hypoglycemic response, from
12 to 24 hours post exercise, may need a change in
the next day’s basal rates or insulin to carbohydrate
ratios.

In addition to knowing how to program tempor-
ary basal rates, there are other considerations that
must be taken into account when managing exercise
in a child using CSII. First, patients can only be dis-
connected from the pump for one hour without
rechecking the BG level. This applies to any type of
exercise from swimming, to basketball, to gymnastics.
The patient must check blood glucose before discon-
necting. Table 9 can be followed for carbohydrate
adjustment and exercise, but additional factors must
be considered. A study of 10 children age 10 to 19
showed an increase in delayed hypoglycemia when
the pump was worn during exercise, with nine
patients experiencing lows afterward as opposed to
only six having delayed lows when the pump was
disconnected during exercise (22).

Some of the insulin pumps on the market
are waterproof, while others are only watertight.
We recommend that patients disconnect before
engaging in any water sport regardless of the pump
manufacturer’s label regarding water activities.
Reasons for this recommendation, besides the
pump being such an expensive piece of equipment
include: risk of leaking, pump becoming discon-
nected and getting lost in the water, dilemma of
where to wear the pump, and tubing getting caught
on something and yanking the infusion set out.
Other sports or activities in which there is aggres-
sive physical contact may require that the pump
be removed, although some patients prefer to stay
connected. If patients choose to stay connected, they
may use special tapes or ace bandages to hold the

pump closer to the body. Special cases and holders
are also available.

TRAVEL
Supplies

When patients with diabetes are traveling, they
need to be certain that they have all the necessary
supplies to last the duration of their trip. A tra-
ditional rule is to take double the supplies thought
to be necessary and to carry one complete set of
supplies for the trip in the hand luggage. The follow-
ing checklist outlines supplies that are essential
for travel:

& Insulin vials and/or insulin pens
& Insulin syringes and/or insulin pen needles
& Ketone test strips
& BG meter and test strips
& Lancets/lancing device
& Fast-acting carbohydrates (juice box, glucose tablets,

lifesavers, etc.)
& Glucagon Emergency Kit
& Snacks (in case of delayed meals, etc.)
& Alcohol Swabs
& Medical alert or other identification
& Travel letter from physician (see sample below)

For patients on CSII, additional supplies needed
are:

& Reservoirs
& Infusion sets
& Batteries
& Prescription for long-acting insulin in case the pump

fails

Box 1

Sample: ‘‘Insulin Injections Travel Letter’’

Date: ____________________

To Whom It May Concern:

Re: (Patient’s Name)

The above named child has Type 1 (insulin-dependent) diabetes. It is

an imperative part of his/her care that this child be allowed to

monitor his/her blood glucose at frequent intervals throughout the

day. Injections of insulin may be required before meals, snacks, or to

correct hyperglycemia (high blood glucose). A Glucagon Emergency

Kit (containing a vial and syringe) may be needed to treat severe

hypoglycemia (low blood glucose). Hyperglycemia and hypoglycemia

are acute complications of diabetes management and must be

treated in an expedient manner.

In order to perform the above mentioned functions, the following

materials must be close at hand at all times: lancets to perform

fingerstick blood glucose testing, blood glucose monitor, insulin,

insulin syringes or pens with needles, alcohol swabs, snacks, and a

Glucagon Emergency Kit.

If you should have any further questions, please feel free to contact us

at (office phone #).

Sincerely,

Name of MD
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Box 2

Sample: ‘‘Insulin Pump Travel Letter’’

Date:____________________

To Whom It May Concern:

Re: (Patient’s Name)

The above named child has Type 1 (insulin-dependent) diabetes. It is

an imperative part of his/her care that this child be allowed to

monitor his/her blood glucose at frequent intervals throughout the

day. He/she is on an insulin pump, which delivers insulin

continuously over 24 hours. Injections of insulin may be required in

addition to the insulin he/she receives via the insulin pump. A

Glucagon Emergency Kit (containing a vial and syringe) may be

needed to treat severe hypoglycemia (low blood glucose).

Hyperglycemia and hypoglycemia are acute complications of

diabetes management and must be treated in an expedient manner.

In order to perform the above mentioned functions, the following

equipment and materials must be close at hand at all times: lancets to

perform fingerstick blood glucose testing, blood glucose monitor, test

strips for BS monitor, insulin, insulin syringes or pens with needles,

alcohol swabs, Glucagon Emergency Kit, snacks, and pump supplies

(insertion sites, insertion device, reservoirs, insulin pump, tubing).

If you should have any further questions, please feel free to contact us

at (office phone #).

Sincerely,

Name of MD

Box 1 and 2

The sample travel letters above should facilitate pass-
ing through airport security and customs. It is wise to
keep all insulin and supplies in their original contain-
ers so that there is no question about the authenticity
of the medications. Insulin pumps do not usually
make metal detectors go off in airports. Most patients
stay connected to their pump while passing through
metal detectors. X-rays will not affect the pump set-
tings or the insulin (23).

Insulin

Patients and caregivers should also know that in other
countries insulin may come in different concentra-
tions and that markings on syringes are made to
correlate with the specific concentration. In the United
States, all insulin is in U-100 (100 units/mL) concen-
tration. If a patient were to get U-40 insulin and use
it with a U-100 syringe, it would be less than half
the correct dose. Names of insulins are also different
in other countries (24).

Patients wonder about traveling with insulin when
there is no refrigeration possible. As long as extreme
cold (freezing) and warm temperatures above 86�F are
avoided, insulin should stay viable for the duration of
short trips. There are special travel cases that can be
purchased to help keep insulin cool. While keeping
insulin cool is usually the main concern, if the patient
is traveling where the temperatures will reach freezing,
patient should make sure to keep the insulin from freez-
ing. Insulin that turns cloudy or has particles in it
(clumping) should be exchanged for a new bottle to
ensure proper dosing. Extreme temperatures can also
affect BG monitor performance; the temperature range

for effective function of the individual’s meter should
either be in the manual or available online (24).

Insulin Adjustment

Travel often equates with long periods of decreased
activity. This can lead to increased basal insulin needs.
Frequent BG checks allow appropriate adjustments to
be made to bolus doses. When crossing through time
zones to the west, days are longer and to the east, days
will be shorter. A good rule of thumb is to calculate the
TDD and decrease or increase it by 2% to 4% for each
hour of time change. When heading west, the patient
should take extra rapid-acting insulin to cover extra
meals because the day is longer, and take the normal
dose of intermediate- or long-acting insulin at the new
adjusted night time. When heading east, there may be
fewer meals because of the shorter day. If the patient
is taking a bedtime dose of intermediate- or long-
acting insulin, it should be taken at the new adjusted
nighttime. If heading east overnight, the patient
should take the usual dinner dose and reduce the inter-
mediate-acting insulin by 3% to 5% per hour of time
change. If the overnight flight is less than four to five
hours, supplementing rapid-acting insulin in place of
intermediate bedtime insulin can be done as long as fre-
quent BG monitoring is performed. If the flight is during
the day, the patient can take the usual dose with break-
fast and cut the intermediate-acting insulin by 3% to 5%
at dinnertime for each hour of time change. Patients on
CSII must remember to change their pump clock to the
new time upon arrival at their destination (24).

Resources

Frio Cooling Wallet
Cooler Concept
337 Lake Hazelton Drive
Chaska, MN 55318
Phone: (952) 361–6683
Fax: (953) 361–6684
http://www.coolerconcept.com/

Diabetic Accessories
http://www.lifesolutionsplus.com/

Travel Tips

American Diabetes Association
Traveling with Diabetes Supplies
http://www.diabetes.org/advocacy-and-legalresources/

discrimination/public_accommodation/travel.jsp

When You Travel
http://www.diabetes.org/pre-diabetes/travel/when-you-

travel.jsp

NEW GADGETS
Continuous Glucose-Monitoring Systems

Continuous glucose monitoring provides a more
in-depth picture of BG trends and excursions than
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intermittent self-monitoring of blood glucose (Table
11). As postprandial glucose excursions are often
missed with intermittent testing, continuous glu-
cose-monitoring systems (CGMS) can provide
information for dosage adjustments to minimize these
excursions (25). CGMS does not eliminate the need for
BG monitoring, which is required for calibration and
for confirming BG values when intervention is required
to treat hypoglycemia or hyperglycemia. Patients con-
sidering CGMS must be motivated and well trained in
operating the equipment. Children with risk of hypogly-
cemia unawareness or who have a history of severe
hypoglycemic episodes with consequent poor metabolic
control because of parental fear of hypoglycemia are
good candidates for CGMS.

Currently six continuous glucose-monitoring
devices have received approval or are under consider-
ation for approval by the U.S. Food and Drug
Administration (FDA). All measure glucose concen-
tration in tissue fluid, which is several magnitudes
lower than in blood, requiring calibration against fin-
gerstick BG measurements.

& GlucoWatch1 G2TM Biographer by Cygnus
& Continuous Glucose-Monitoring System Gold by Med-

tronic MiniMed
& Guardian1 Telemetered Glucose-Monitoring System by

Medtronic MiniMed
& FreeStyle NavigatorTM Continuous Glucose Monitor by

Abbott Laboratories
& GlucoDay1 by A. Menarinin Diagnostics
& Pendra1 by Pendragon Medical
& DexcomTM STSTM continous glucose monitoring system

by Dexcom, Inc.

Some of these systems are discussed in greater
detail below (25).

GlucoWatch1 G2TM Biographer

The GlucoWatch consists of the G2 biographer and the
AutoSensor. The G2 biographer looks like a watch and
it calculates, stores, and displays glucose readings.
Glucose is drawn from the skin by a process of reverse

iontophoresis onto a pad in the AutoSensor, which
then is analyzed and converted to a BG reading, which
is displayed on the watch. The biographer gives glu-
cose readings every 10 minutes, with up to 76
readings for 13 hours. A total of 8500 readings can be
stored in its memory. The BG level shown is an average
of the last two 10 minute readings. Each patient can set
a high and low alarm, which will go off if the patient’s
BG reading goes outside the set limits. The GlucoWatch
also shows trend arrows to let patients know if they are
on the upward or downward swing. If the blood glu-
cose shows a downward trend and will likely fall
below the ‘‘low’’ preset value within the next 20 min-
utes, another alarm will sound. Finger stick BG
values must be obtained to calibrate the AutoSensor,
and if the glucose reading requires some type of inter-
vention, either for a low or high blood glucose.
Problems with the Glucowatch include the following:

& It takes two hours for the GlucoWatch to begin to dis-
play readings

& Perspiration can cause the Biographer to skip or quit
monitoring

& It is not waterproof; so it cannot be worn during water
activities

& Irritation frequently occurs at the site of the AutoSensor
insertion (26)

In our patient population, the most common
reason for using the Glucowatch was to monitor for
nocturnal hypoglycemia, for the relief of caregivers
who were not sleeping through the night. We found,
however, that excitement over the device was short
lived with the difficulty of the calibration process and
skin irritation (26).

The results of a study evaluating youth and par-
ental satisfaction with the GlucoWatch found that
technical problems including site irritation, skipped
readings, false alarms, and erroneous readings, were
more frustrating than psychological aspects of wear-
ing the device. This underscores the importance of
overcoming these obstacles before the use of this
device can become widespread (27).

Table 11 Comparison: Self-monitoring Blood Glucose vs. CGMS

Type of monitoring Pros Cons

Self-monitoring blood glucose Accurate, real time results Intermittent

May look at individual results for patterns Not predictive of future results

Uses plasma or whole-blood sample Must operate each time test is performed

CGMS Continuous Multiple, fair accuracy results

Shows trends Too much data is generated. Can’t look at each result¼ data overload

May predict future results Warm up and calibration required

Easy to operate once initialized Calibration must be done with finger stick results

algorithm to convert glucose

concentration within interstitial

fluid (ISF)

Least accurate with hypoglycemia

Skin irritation with some systems

Rapidly changing glucose levels can have a lag between blood

and ISF levels

Limited reimbursement

Abbreviation: CGMS, continuous glucose-monitoring systems.
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Guardian1 Telemetered Glucose-Monitoring System

The Medtronic Guardian has replaced the company’s
original CGMS, the CGMS System Gold. The CGMS
System Gold was a three-day diagnostic tool that could
only be downloaded at a clinic with the program soft-
ware. Reports could be generated upon download to
look at three-day patterns. We used this system when
a patient came into clinic with unexplained erratic BG
patterns or if we suspected high or low BG levels that
were being missed with routine BG monitoring (28).

The new Guardian RT system shows real time BG
values every five minutes and alarms to specified indi-
vidual high and low BG settings. The system consists
of a transmitter, a detached monitor, and a sensor, which
is inserted subcutaneously. BG values should still be
verified with a finger stick glucose value before manage-
ment decisions are made. Because patients will be able
to view glucose trends and excursions every five min-
utes, patterns will be picked up that would otherwise
not be identified using traditional finger stick BG results.
The Guardian can be downloaded so that therapy
adjustments can be based on BG patterns (28).

FreeStyle NavigatorTM Continuous Glucose Monitor

The Navigator is composed of a sensor, transmitter,
and receiver. The sensor is inserted subcutaneously
and attached to a sensor mount, which is patched onto
the skin. The transmitter attaches to the sensor and
receives the BG values with arrows indicating trends,
and sends the values to the pager-sized receiver each
minute. This is a wireless device and the receiver can
be worn on a belt or carried in a purse, pocket, or brief-
case up to 10 ft away from the transmitter. Like other
continuous glucose monitors, high and low value
alarms can be preset into the receiver. The information
can be downloaded by the patient. While the sensor
and transmitter are waterproof, the receiver is not (29).

DexcomTM STSTM Continuous Glucose Monitoring System

The DexcomTM STSTM system includes a glucose sen-
sor, transmitter, and a monitor. The sensor is inserted
into the abdomen where it can remain for up to 72
hours. There is a two hour calibration period in which
two fingerstick blood glucose values must be obtained.
Once calibration is complete glucose values and trends
can be viewed on the monitor every five minutes. High
and low values are preset into the monitor, so that
alarms alert patients when blood glucose values are
outside set ranges. Glucose trends for the previous
one, three, or nine hours can be displayed. Transmitter
batteries cannot be changed, so a new transmitter must
be purchased for $250. At this time the life of the trans-
mitter is unknown. Monitor batteries are rechargeable
and must be charged for one hour every five days.
Results from the Dexcom STS system are not meant to
replace values from SMBG, but to enhance therapy
adjustments. Calibration must be done every 12 hours
to ensure accuracy (29a,29b).

Other BG Monitoring Possibilities

None of the following have been submitted to the
FDA for approval. However, they present exciting
possibilities.

Scanner

Pennsylvania State University researchers are devel-
oping a sensor that would be placed under the skin.
The sensor is surrounded by glucose oxidase and a
polymer that is responsive to changes in pH. Glucose
oxidase becomes acidic when it comes in contact with
glucose, causing changes in sensor vibrations, which
are proportional to serum glucose concentrations
and recorded by a scanner (30).

Light

University of Iowa researchers are investigating
the use of light to measure interstitial fluid using the
Sensys GTS by Sensys Medical (30). This is based on
the finding that the amount of light that is absorbed
or reflected when it passes through the skin is pro-
portional to the glucose level of interstitial fluid. The
Sensys GTS requires the arm to be placed in front of
a computer like device and a light to shine on the
arm, with the amount of light that is absorbed, mea-
sured, and recorded as a BG level.

Tattoo

Pennsylvania State and Texas A & M University
researchers are developing a tattoo made out of small
beads covered with fluorescent molecules, which
become more fluorescent with hypoglycemia and less
fluorescent with hyperglycemia. A device such as a
watch would measure the fluorescence of the mole-
cules to display a BG result (30).

Contact Lens

Researchers at the University of Pittsburgh are work-
ing on creating a material that would be a contact lens
or put in the lower eyelid that would detect glucose
levels in tears. The material would be visible to the
naked eye and it would be compared to a color wheel
to determine glucose levels. For example:

& Red¼ low
& Green¼normal
& Violet¼high

Some type of scanner that could be waved in
front of the eye may be developed to quantitate glu-
cose levels (30).

Insulin Pumps on the Horizon
Medtronic MiniMed
Implantable Pump

The Model 2007 implantable pump is already being
distributed throughout Europe. Three hundred fifty
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subjects have been enrolled in studies designed to deter-
mine the effectiveness of this pump. The pump works
by delivering bursts of insulin into the peritoneal cavity
instead of the subcutaneous tissue, allowing quicker
and more reliable absorption rates as the peritoneal
venous circulation drains directly into the liver, mimick-
ing physiologic insulin secretion into the portal vein.

Artificial Pancreas

Medtronic plans to develop a semiautomated closed-
loop system as an artificial pancreas. This semiautomated
system will consist of a sensor, which provides con-
tinuous glucose results that are converted to BG
values using an algorithm that then suggests an insu-
lin dose. The patient must choose to accept or reject the
suggested dose before it is delivered through an exter-
nal or implantable pump. Self-monitoring of BG levels
via a finger stick must still be performed to calibrate
the sensor. The main difference between the semiauto-
mated and the closed-loop system is that the insulin
dose is automatically delivered in the closed loop sys-
tem once it is calculated via the algorithm (31).

Animas Corporation and Debiotech

Animas now has the rights to Debiotech’s technology
with regard to micropumps and microneedles for
insulin administration and continuous glucose moni-
toring. Debiotech already has a micropump chip, the
ChronoJetTM; so Animas is working on developing
an external insulin pump with this technology. The
injection pump is tiny, lightweight, and can be taped
right onto the skin. It is then controlled via a remote
control device. The ChronoJet uses Micro-Electro-
Mechanical System, which focuses on small size, safety,
accuracy, and reliability. This technology is cheaper to
manufacture while still maintaining accuracy, which
should make it a viable option; either as a disposable
device or as a device that can be used long-term.

OmniPodTM Insulin Management System by Insulet

The OmniPodTM is a device that is small and sticks
to the skin like an infusion set. The tubing is enclosed
in the OmniPod, thereby making it a wireless system.
The OmniPod must be filled with insulin from a vial
and has an automated insertion system in which the
canula is inserted into the skin by pressing a button
without use of an insertion device or manual inser-
tion. Once these steps are performed, the Personal
Diabetes Manager (PDM), a handheld device that
has the insulin dose instructions preprogrammed into
it, begins to deliver insulin. Different basal rates, bolus
rates, safety features, and alarms can be set, and the
PDM makes bolus suggestions. The PDM has no tub-
ing attaching it to the OmniPod and can be carried in
a pocket, purse, or briefcase. The PDM is also a BG
monitor, thereby eliminating the need for a separate
meter. The OmniPod should be changed at least every
three days (33).

Insulin Pens

For convenience and ease of use, insulin pens are the
preferred method of insulin administration for many
patients and are now available for most types of insu-
lin. Insulin pens can be prefilled with 3 mL of insulin
and are fully disposable or have replaceable
cartridges. Insulin pens should be considered for
patients who are noncompliant with needles and syr-
inges, for people who may have difficulty drawing up
the correct dose in a syringe, for children and teens
who require insulin at school, or children and teens
‘‘on the go.’’ Because of the dead space in the pen nee-
dle, all insulin pens must be primed with at least two
units of insulin every time a new pen needle is used
until a drop of insulin appears at the needle tip. Most
insulin pens dispense full units; however, the Novo-
Pen1 Junior comes in half unit increments, with
each click being a half unit instead of a whole unit.
Pen needles also come in different lengths and gauges
to accommodate patient preference.

Syringes and Lancets
Syringes

Insulin syringes are manufactured in 3/10 cc, 1/2 cc,
and 1 cc sizes, and insulin needles are of varying
lengths and gauges. Choosing the right syringe for
each patient should be according to age, size, and
individual preference. Several companies are now
making 3/10 cc syringes with half unit markings. This
is especially useful for infants, toddlers, and children
who require half unit dosing.

Lancets

We recommend that our patients use a single lancet
for no more than one day. Although lancets have tra-
ditionally come singly, there is now an Accu-Chek1

Multiclix lancet device which contains six lancets in
one drum, which must be loaded into the device. This
prevents the patient from having to carry around mul-
tiple lancets or handle the lancet, a useful feature for
the school setting. The patient can decide when to
rotate the drum to the next lancet. There are also 11
different depth settings to provide maximum comfort
and adaptation to varying skin thickness (34).
Another lancing device, the Pelikan Sun, has 50 self-
contained lancets and 30 different depth settings.
This electronic device releases each lancet using a
Smart Lancing mechanism that is programmed for
individualized speed and depth, thereby minimizing
pain. As with the Accu-Chek device, individual
lancets need not be handled (1). This device is still
in development.

DIABETES EDUCATION
Survival Skills

The day a child is diagnosed with T1DM, the lives of
the child and family are forever changed. Gone is
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the possibility of packing up and going somewhere on a
moment’s notice with minimal preparation. There are
many new skills to acquire and information to learn.
Not everything can be taught on the first day. Follow-
up education the next day or within the next week
should reinforce the topics taught initially, as well as
go into more detail about each subject. The components
of diabetes education can be found in Table 12 .

Each child’s background and needs must be
considered. Education must be individualized,
depending on the child’s age, family support, knowl-
edge, and where the education is done. Some
environments such as the emergency room or pedi-
atric intensive care unit are less conducive to
education than an outpatient clinic or even a private
room on a pediatric ward of the hospital. The care-
giver and patient responsiveness is also dependent
on the child’s medical condition at diagnosis, whether
the child’s diagnosis is based on symptoms alone
or the child requires intensive care for ketoacidosis.

Continuous Education

Diabetes education is an ongoing process that should
address issues that arise as the child ages and takes on
more responsibilities. The child and family will
require different levels of support through the years.
For children who were diagnosed at a young age,
caregivers receive all diabetes education. As these
children grow up and tasks are transitioned from
the caregiver to the child, they will require reinforce-
ment of education related to all diabetes tasks. A
specific example is the transition from the caregiver
drawing up and giving the insulin injection to the
child pushing the plunger, then drawing up the insu-
lin, and eventually administering the injection. This
transitioning of tasks can be difficult for the caregiver
and patient alike, and must be individualized accord-
ing to the child’s developmental level and ability to
accept the increased responsibility. If metabolic con-
trol worsens as more responsibility is handed to
the child, the caregiver must reinstate close
supervision (20).

Education must be geared toward different
developmental levels, as outlined in the American
Diabetes Association statement ‘‘Care of Children
and Adolescents with Type 1 Diabetes’’ (20), with ado-
lescence posing a particular challenge because of
increasing independence and risk-taking behaviors.
Topics to discuss include sex, alcohol, drug use, and
smoking. Risks and consequences of these activities
should be addressed. It is important to discuss birth
control and the risk to the young woman and fetus
if metabolic control is poor. Parents may need to be
asked to leave the room so adolescents will be more
open to discussions about their habits and concerns.
For those old enough to drive, it is important to
emphasize the importance of testing before driving,
the need to wear a medical identification necklace or
bracelet, and the need to carry juice or put glucose
tablets on the windshield visor for easy access (20).

Education should not be done exclusively at
each three-month clinic visit. While these regular visits
are important to assess educational deficits, caregivers,
and, eventually, patients themselves should be encour-
aged to call, e-mail, or fax BG values and insulin doses
to the diabetes care provider regularly. This allows
caregivers and patients to play an active role in prob-
lem solving, the best educational opportunity (20).

Self-Management

Diabetes self-management must address the different
priorities and issues arising with each age throughout
an individual’s lifespan (Table 13) (20).

SCHOOL CARE

Sending a child with diabetes to school can often
present added stressors to the child and parent alike.
The amount of stress is often dependent on the child’s
age, duration of diabetes, as well as actual and per-
ceived support at the school. Children with diabetes
are covered under Section 504 of the Rehabilitation
Act of 1973, the Individuals with Disabilities Edu-
cation Act of 1991, and the Americans with

Table 12 Components of Diabetes Education

First day Follow-up

Psychology 101: address guilt that the caregiver and/or child feels about diagnosis.

They need to be assured they did nothing to cause it

Progression of hypoglycemia

What is diabetes?

Administration of Glucagon

How to check blood glucose levels

Specific meal plan: number of carbohydrates to eat

with meals and snacks

How to draw up insulin in a syringe or insulin pen. If appropriate, how to mix different

insulins in the same syringe

Ketone testing

How to give an insulin injection, including choosing and rotating injection sites

Sick day management

Basics about insulin regimen

Exercise

Signs/symptoms of hypoglycemia and hyperglycemia

School management plan

Treatment of hypoglycemia

Need for medic alert

Basic diabetes nutrition (general overview): When child should have meals and snacks

and what child should or shouldn’t eat—such as initially avoiding concentrated sweets

Answer any questions caregiver or patient may have

How to contact diabetes care provider in an emergency or if any questions arise
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Disabilities Act. Public schools, day care centers, and
all schools that receive federal funding fall under
the jurisdiction of these Acts (35), requiring that the
institutions provide adequate accommodation for
children with diabetes. Parochial schools are exempt.

Before the school year begins, caregivers should
set up a Diabetes Medical Management Plan meeting
with school personnel in order to ensure that there is
as little disruption to the child’s day as possible.
School nurses may be employed by the school full
time, part time, or have only a very intermittent pres-
ence. There should be trained personnel, who are
knowledgeable about diabetes designated to provide
diabetes care and to act as the go to person for issues
relating to diabetes that may arise during the day.
When the caregivers meet with school personnel, at
least two to three personnel should be appointed to
learn how to care for the child with diabetes. At least
one of the trained personnel should be available at
school, for field trips, and other off-campus activities
at all times. The school personnel should know how to:

& Check blood glucose
& Check urine or blood for ketones
& Recognize signs/symptoms of hypoglycemia and

hyperglycemia
& Administer insulin injections
& Know the basics of insulin pump operation, if necessary

(bolus, how to disconnect, etc.)

& Treat hypoglycemia
& Administer glucagon

While the child’s primary teacher, coaches, and
elective teachers do not have to be one of the trained
personnel, all should be able to recognize symptoms
of hypoglycemia and hyperglycemia and know what
to do if the child were to experience very low BG
levels while in their classroom (35).

In addition to appropriate supervision, the
school must guarantee that, besides easy and quick
access to supplies, the child must also be guaranteed
privacy to check blood glucose levels and take insu-
lin injections. The diabetes medical management
plan should specify where the child should be able
to test and perform these tasks. It is important to
consider the age and responsibility level of the
child when deciding on how much supervision, if
any, is necessary. This should be specified in the
individual health plan, which should be signed by
the parents, health care team, and school nurse. Stu-
dents should also be able to eat snacks and drink
water whenever necessary during the school day.
The child having symptoms indicative of hypo-
glycemia should never be sent alone to test for or
treat low BG. All of these rules are also applicable
to children while they ride the school bus to and
from school (35).

Table 13 Self-Management Priorities and Issues by Age

Age (yr) Priorities Patient and family issues

0–1 Hypoglycemia: prevention, detection, treatment Coping mechanisms: to deal with stress

Trying to prevent wide swings in blood glucose (BG) levels Burnout: primary caregivers need a break

1–3 Hypoglycemia: prevention, detection, and treatment Adhering to a schedule

Trying to prevent wide swings in BG levels secondary to erratic

eating patterns

Dealing with erratic eating patterns: finicky eaters

Burnout: primary caregivers need a break

Testing of boundaries set by caregiver

Lack of cooperation

3–7 Hypoglycemia: prevention, detection, and treatment Appeasing guilt child may feel for diagnosis

Erratic eating patterns and activities Deciding who to involve in diabetes management and training

them in what to do

Praise for cooperation with diabetes tasks

Delegating diabetes tasks to other caregivers such as daycare

and school personnel

8–11 Flexibility for growing involvement in school and extracurricular

activities

Continued delegation to other caregivers helping in diabetes

management

Education of patient to long- and short-term benefits of control Primary caregivers stay involved while also allowing the child to

have more independence occasionally

12–15 Puberty: growing insulin needs Compromising between caregiver and teen on roles each is to

have in diabetes care

Maintaining good metabolic control is more of a challenge Problem solving

Peer pressure: weight and body image concerns increase Minimizing and resolving issues related to diabetes management

Be aware: risk behaviors (sex, driving, alcohol, drugs), depression,

eating disorders

16–19 Begin transition from pediatric to adult endocrinologist Independence: teens embracing it and caregivers allowing it

Teen to take responsibility for care Positive coping skills

Minimizing and resolving issues related to diabetes management

Be aware: risk behaviors (sex, driving, alcohol, drugs), depression,

eating disorders

Source: Adapted from Ref. 20.
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The responsibilities of the caregiver include
providing:

& Education of school personnel
& Supplies to school: insulin, insulin pens, syringes, pen

needles, ketostix, glucagon, lancets, meter, test strips,
sharps box, alcohol swabs, juice, crackers, glucose
tablets, extra pump supplies, etc.

& Emergency contact information
& Specifications about meal and snack schedule for the

child with diabetes
& Written medical management plan signed and dated by

the child’s diabetes care provider

Many schools prefer the use of insulin pens
instead of vials and syringes because of ease of use.
Especially if the trained personnel are nonmedical,
they feel more comfortable dialing up an insulin dose
in a pen rather than drawing it up in a syringe (35).

Resources

National Diabetes Education Program
http://www.ndep.nih.gov/

Helping the Student with Diabetes Succeed: A Guide for School
Personnel

To receive first copy free and additional copies at $3/each:
Order Form http://www.childrenwithdiabetes.com/

download/SGFlyerNDEP_April05.pdf
Direct Link http://www.ndep.nih.gov/diabetes/pubs/

Youth_SchoolGuide.pdf
Call 1–800–438–5383, Fax (703) 738–4929, Mail National

Diabetes Information Clearinghouse (NDIC) 1
Information Way Bethesda, MD 20892–3560

Diabetes Care Tasks at School: What Key Personnel Need to Know
American Diabetes Association
www.diabetes.org/schooltraining

Health in Action: Diabetes and the School Community, American
School Health Association, American Diabetes Associ-
ation, Aug/Sept. 2002, Vol 1, No. 1, 330–678–1601.

Your School & Your Rights: Protecting Children with Diabetes
Against Discrimination in Schools and Day Care Centers
(brochure)

American Diabetes Association 2001, Alexandria, VA
http://www.diabetes.org/type1/parents_kids/away/

scrights.jsp

Fredrickson L, Griff M: Pumper in the School, Insulin Pump
guide for School Nurses, School Personnel and Parents.
MiniMed Professional Education, Your Clinical Coach. First
Edition, May 2000. MiniMed, Inc., 1–800–440–7867.

Tappon D. Parker M, Bailey W: Easy As ABC, What You Need
to Know About Children Using Insulin Pumps in School.
Disetronic Medical Systems, Inc., 1–800–280–7801.

DIABETES CAMP

There is no other place quite like it. A place where a
child with diabetes can go and feel like they are not

the outsider, that they are not the only ones who must
check their blood glucose and take insulin injections, a
place where caregivers do not have to worry about
who is taking care of their child’s diabetes while they
are not around. This place is diabetes camp. There are
camps throughout the United States, whose main pur-
pose and mission is to provide a safe environment for
children with diabetes while challenging them in a
fun environment, so that they learn how to take
responsibility for their disease and do not feel limited
by it. There are day camps, residential camps, camps
for children of all ages, and camps for families.

Appropriate staff at camp includes doctors
and nurses familiar with pediatric T1DM care,
psychologists, registered dietitians, and volunteer staff
for recreation and counselor positions. Oftentimes rec-
reation staff and counselors are medical students,
housestaff, pharmacy or nursing students, and many
are ex-campers. Medical staff should have access to
written policies, procedures, and diabetes manage-
ment plans before and during camp. The counselors,
recreational, and support staff should receive in depth
training on diabetes management including insulin
administration, treatment of hypoglycemia and hyper-
glycemia, ketone testing, emergency procedures, BG
monitoring, etc. Support staff should have a clear pic-
ture of what to do in case of an emergency, whether
diabetes related or not. There should not only be
enough diabetes supplies to last the entire camp ses-
sion, but also supplies for general first aid and
general pediatric ailments (36).

Record keeping at camp for each individual
camper is essential. A camper’s daily record with
BG levels, insulin doses, ketone testing results,
activity level, and number of carbohydrates eaten
can help medical staff determine what insulin dose
adjustments are necessary. Regular BG checks should
be performed before meals, snacks, activities, bed-
time, and as needed throughout the day. Home
insulin doses must often be decreased by 10% to
20% or more because of the increased activity level
at camp, especially for children who are sedentary
at home (36).

Regular meal and snack times should be avail-
able for food coverage of all insulin regimens.
For campers on more flexible regimens such as insulin
glargine or CSII, snacks consisting of low to no carbo-
hydrates should be provided. A registered dietitian, if
not available for the camp session, should look at the
comprehensive menu for camp meals and snacks
before the start of camp. The carbohydrate content
and serving size should be displayed at meal times
for campers and counselors alike. This provides an
opportunity for campers to learn about carbohydrate
counting while also assisting counselors in determining
the correct insulin doses based on insulin to
carbohydrate ratios (36).

Camp provides a structured environment that
allows children with diabetes to learn how to manage
their disease. Camp is often where a child first
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independently draws up his/her insulin or gives his/
her first injection. Family weekend camps are also
important in that they provide parents and children
an opportunity to interact with others dealing with
similar issues and allow parents and children close
contact with diabetes health care providers who can
provide education and answer questions in an infor-
mal atmosphere. The benefits of diabetes camp are
enormous and all patients should be encouraged to
attend them (36).

Resources

For a comprehensive list of diabetes camps:
http://www.childrenwithdiabetes.com/camps/

SUPPORT GROUPS

While diabetes camps are available at specified times
throughout the year, many patients and caregivers
need extra support throughout the entire year. Local
support groups provide activities and support to
patients and caregivers. Some support groups are
geared to all families with a child with diabetes, while
others target specific populations such as parents of
preschoolers or teenagers on insulin pumps. Success-
ful support groups need to:

& Identify target population for support group
& Identify a leader as well as support personnel to get the

ball rolling
& Identify resources for funding events (private dona-

tions/pharmaceutical sponsors/etc.)
& Identify a location and time to meet
& Identify frequency of meetings. Plan regular events.

Participants should know how often to expect events
or meetings.

Resources

For a list of support groups on Children with Diabetes
Website: http://www.childrenwithdiabetes.com/
support/

Juvenile Diabetes Research Foundation International
http://www.jdrf.org/

American Diabetes Association
http://www.diabetes.org

Medical Suppliers

Advanced Medical
1–866–716–9804
www.Advmedsolutions.com

CCS Medical
1–800–726–9811
www.ccsmed.com

Kelson Pharmacy: The Children’s Pharmacy
1051 NW 14th Street Suite 160
Miami, FL 33136

866–796–2447
www.kelsonpharmacy.com

Liberty
1–800–288–6302
http://www.libertymedical.com

National Diabetic Pharmacies
2157 Apperson Drive
Salem, Virginia 24153
Tel: 1–877–637–8488 Fax: 1–888–268–6406
www.NationalDiabetic.com

CONCLUSION

While treatment principles and advances in
technology are highlighted throughout this chapter,
diabetes management depends on patient and
caregiver ability to use the tools available to them.
Encouraging patients and caregivers to ask questions
about current treatment and imminent new therapies
during clinic visits and visits between, via phone or
email, helps them feel up to date and confident about
how to better manage their disease. Patient oriented
journals and reliable online resources should be sug-
gested to foster further education and confidence,
and an open door maintained for questions raised
by these and less reliable sources. As investigators
continue to develop improved ways of managing
the disease, clinicians and educators must realize that
diabetes affects every aspect of their patients’ lives.
The best technology cannot eliminate the increased
psychological, emotional, financial, and social burden
of diabetes. Patients with a positive attitude, however,
can be empowered to effectively manage their dia-
betes without it ruling every aspect of their life, that
is, living with their diabetes not for their diabetes.
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INTRODUCTION

Diabetic ketoacidosis (DKA), occurring with bothType 1
(T1DM) and Type 2 diabetes (T2DM), and hyperglyce-
mic hyperosmolar state (HHS), which occurs almost
exclusively with T2DM, are associated with complica-
tions accounting for most of the diabetes-related
morbidityandmortalityinchildhood(1).DKAisdefined
by venous pH less than 7.3 or serum bicarbonate con-
centration less than 15 mmol/L, with serum glucose
concentration more than 200 mg/dL (11 mmol/L) (1).
This is typically associated with glucosuria, ketonuria,
and ketonemia. Near-normal circulating glucose con-
centrations may occur rarely in DKA with partial
treatment or with pregnancy (2,3). HHS is the preferred
nomenclature for what was long known as hyper-
glycemic hyperosmolar nonketotic state; the newer
designation recognizes the frequent presence of mild
ketosis. Hyperglycemic comas may be considered on a
continuum from DKA with normal osmolality to HHS
without ketosis (4). The emergence of T2DM in child-
hood (Vol. 1; Chap. 9), accounting for as much as 50%
of newly diagnosed diabetes in the 10- to 19-year age
group, depending on socioeconomic and ethnic compo-
sition of the population, has resulted in an appreciation
of HHS as no longer a condition seen rarely outside of
elderly populations (5–17). The criteria for HHS include
plasma glucose concentration greater than 600 mg/dL
(33.3 mmol/L), serum bicarbonate concentration great-
er than 15 mmol/L, no or small ketonuria, absent to
small ketonemia, effective serum osmolality greater
than 320 mOsm/kg, and stupor or coma (4).

FREQUENCY
Onset

DKA at onset of diabetes varies widely in frequency
according to geographic region and correlates inver-
sely with the regional incidence of T1DM; variation
in the European diabetes study was from 11% to 67%
(18). The frequency in Australia was 26% (19), and in
New Zealand 63% in 1988/1989 and 42% in 1995/
1996 (20). Children less than five years of age are more

likely to have DKA at diagnosis as are children whose
families do not have ready access to medical care for
social or economic reasons (1,18–25). DKA at onset
was seen in 28.4% of patients from Colorado, with the
odds ratio for uninsured subjects compared to insured
subjects being 6.2 and with significantly greater sever-
ity in the uninsured group (23). The only long-term
reductions in frequency of DKA at onset in recent years
have been reported where zealous efforts to educate
the medical community have been made (19–21).

The frequencies of DKA at the onset of T2DM
have been even more variable than those for T1DM.
The American Diabetes Association consensus state-
ment on T2DM in children estimated that 5% to 25%
of new onset cases had DKA (26). Proportions as high
as 52% are reported in populations of largely African-
American youths, whereas lower proportions with
DKA are seen among Hispanic, Caucasian, and
Native American populations (27–31).

There is a single report on the frequency of HHS
at the onset of T2DM in children, a review of 190
patients, of whom eight (4.2%) had HHS (16).

Recurrent

The risk of recurrent DKA among 1243 patients in
Colorado was 8 episodes/100 patient years and 80%
of episodes occurred among 20% of patients. Factors
that increased the risk of recurrent DKA were poor
metabolic control or previous episodes of DKA, female
gender (peripubertal or adolescent), psychiatric disor-
ders, including eating disorders, difficult or unstable
family circumstances, limited access to medical ser-
vices, and insulin pump therapy (as only rapid-acting
or short-acting insulin is used in pumps, interruption
of insulin delivery for any reason rapidly leads to
insulin deficiency) (32). In the 1970s and 1980s, the
establishment of treatment teams with intensive
education of families on sick day management and
24-hour availability demonstrated profound reduction
in recurrent DKA (33,34).

Recurrent DKA in T2DM is unusual, even in
those who have had DKA at onset.



PATHOPHYSIOLOGY

DKA and HHS result from reduction in the net effective
action of circulating insulin, producing intracellular
starvation, which stimulates the release of the coun-
ter-regulatory hormones glucagon, catecholamines,
cortisol, and growth hormone (Fig. 1).

These hormonal responses lead to accelerated
hepatic and renal glucose production and impaired
glucose utilization in insulin-dependent peripheral
tissues (muscle, liver, and adipose), resulting in hyper-
glycemia, release of free fatty acids into the circulation
from adipose tissue (lipolysis), and unrestrained hep-
atic fatty acid oxidation to ketone bodies (35). In HHS,
plasma insulin concentrations may be inadequate to
facilitate glucose utilization by insulin-sensitive tissues
but adequate to prevent lipolysis and subsequent keto-
genesis (4). Such an explanation would be consistent
with the difference in the pathogenesis of T1DM and
T2DM and the almost exclusive occurrence of HHS
with T2DM. Both DKA and HHS are associated with
glycosuria, leading to osmotic diuresis, with loss of
water, sodium, potassium, and other electrolytes (4).

MORBIDITY AND MORTALITY

Mortality risks for each episode of DKA from national
population-based studies are similar: 0.15% for the
United States (36), 0.18% to 0.25% for Canada (37,38),
and 0.31% for the United Kingdom (39). Cerebral edema
accounts for 60% to 90% of this mortality (40–42). In a
study of diabetes-related mortality over eight years

among insulin-treated patients under 25 years of age
in Chicago, seven of the eight deaths at the onset of
diabetes were in non-Hispanic African-Americans,
who comprised less than half of the age specific popu-
lation, and one death was in a Hispanic individual
(28% of the population), with similar disproportion
for all 30 deaths, emphasizing the sociodemographic
specificity and preventability of such mortality (43).
Other causes of death or disability with DKA or HHS
in addition to cerebral edema include hypokalemia,
hypophosphatemia, hypoglycemia, other intracerebral
complications, peripheral venous thrombosis, mucor-
mycosis, rhabdomyolysis, acute pancreatitis, acute
renal failure, sepsis, aspiration pneumonia, and other
pulmonary complications (1).

HYPERGLYCEMIC HYPEROSMOLAR STATE

Eight obese African-American youths thought to have
died from DKA at onset of T1DM actually had pre-
viously unrecognized T2DM; seven of them met the
criteria for HHS and not DKA (14,16). Hypokalemia
resulting from failure to replace or from administra-
tion of bicarbonate was responsible for arrhythmia
and cardiac arrest in three patients, and may have
contributed, along with hypophosphatemia, in two
others. One patient developed cerebral edema and
another had pancreatitis and renal failure. Fourtner
et al. (17) reported one death at onset of T2DM in their
series, as a result of multisystem organ failure from
HHS, while another patient survived rhabdomyolysis,
acute renal failure, and pancreatitis. Another report
described six male adolescent patients with
hyperthermia and rhabdomyolysis at diabetes onset.
Of the five who were obese, three met the criteria
for HHS and two of these died, one with intractable
arrhythmia and the other with multisystem failure
(cardiac, pulmonary edema, and renal) (15).

Before these recent reports, HHS had been
reported in few children and none had obesity, with
the fatalities being only in those with mental retar-
dation, which seemed to be a risk factor for the
development of HHS (5–13). Three pubertal aged chil-
dren, one with severe spastic quadriplegia, learning
difficulties, and epilepsy, one with cystic fibrosis,
and another without any premorbid condition, have
recently been reported with HHS, and in two
instances this was thought to be related to the inges-
tion of large volumes of high caloric fluids (44).
Striking hyperosmolality and hypernatremia with
DKA at onset have been described in five patients fol-
lowing ingestion of massive amounts of carbonated
carbohydrate beverages and isotonic sports drinks;
three of them required hemofiltration, but all survived
without residual (45).

RHABDOMYOLYSIS

This potentially lethal complication, already mentioned
in relation to HHS, also occurs with DKA and is of

Figure 1 Pathogenesis of diabetic ketoacidosis.
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uncertain etiology. Severe hyperglycemia and high
osmolality, together with hypophosphatemia, are risk
factors. A recent report in a 15-month old has added to
the few pediatric cases reported (46). An early report
in a 27-month-old boy led to a chart review of 133 chil-
dren admitted with new onset diabetes, of whom 12
had significant orthotoluidine reactions in the urine; in
only one case was urine myoglobin measured and it
was extremely high. Another patient had an elevated
serum CPK value three days after admission (47). Thus,
mild rhabdomyolysis may be common in DKA, despite
its infrequency as a clinical complication.

MUCORMYCOSIS

Mucormycosis is an acute, often rapidly fatal fungal
infection that is an important cause of death in young
patients with diabetes who have poor glycemic control
and acute ketosis. Survival without disability is rare.
Clinical features vary depending on the principal infec-
tion locus, which may be rhinocerebral, pulmonary,
cutaneous, or gastrointestinal, or in the central nervous
system (CNS) and may be disseminated. African-
American race and history of poor compliance, as
evidenced by poor clinic attendance, risk-taking beha-
viors, and high rate of hospital admission, were
predictors of increased susceptibility to infection with
mucormycosis in one study of five patients, which
included only one survivor who had severe neurologic
disability (48). Several systemic factors contribute to
the predisposition to mucor infection in patients with
diabetes. These include impaired neutrophil function,
vascular insufficiency, and, in DKA, the acid environ-
ment and high blood-glucose concentration, which
favor fungal growth.

PANCREATITIS

Acute pancreatitis is a well-recognized complication of
DKA in adults, whereas it is unusual in children with
T1DM. As noted above, however, pancreatitis may be
a frequent and serious occurrence in children with
HHS at onset of T2DM. Elevated amylase and lipase
levels were common in children with T1DM and new
onset DKA in a study of 50 patients, while only one
individual with newly diagnosed diabetes without
DKA had mildly elevated lipase. Lipase elevation
was directly associated with degree of acidosis. One
patient with persistent abdominal pain had abdominal
computerized tomography (CT) scan confirmation of
acute pancreatitis (49). Acute pancreatitis must be con-
sidered with abdominal pain that does not resolve with
correction of acidosis.

PERIPHERAL VENOUS THROMBOSIS

A recent case series described deep venous throm-
bosis (DVT) in four of eight children with DKA
who required femoral central venous catheter (CVC)
placement (50), and three of six PICU patients with

DKA who required femoral CVC (out of 113 DKA/
PICU patients) (51). All the latter patients were under
18 months of age and required long-term heparin
therapy for persistent leg swelling; this frequency con-
trasted with complete absence of DVT in seven
comparably aged patients with shock, who had femoral
CVC for longer periods of time than did the DKA
patients, suggesting a thrombotic diathesis in
DKA beyond that which could be attributed to dehy-
dration. In one of the patients, heterozygosity for
factor V Leiden deficiency may have been contributory,
but no other abnormalities were detected. While coagu-
lation factor abnormalities have not been demonstrated
in children with diabetes in the absence of DKA (52),
von Willebrand factor activity has been noted to remain
elevated at 120 hours following admission for DKA
(53), suggesting that DKA and its treatment may result
in a prothrombotic state and activation of vascular
endothelium, predisposing to thrombosis.

INTRACEREBRAL COMPLICATIONS OTHER THAN
IDIOPATHIC CEREBRAL EDEMA

Intracerebral complications, with or without associa-
ted edema, although by definition not idiopathic
cerebral edema, account for an estimated 10% of all
instances of neurologic collapse during ketoacidosis
(1,40,54). Causes have included subarachnoid hemor-
rhage (40), basilar artery thrombosis (40), cerebral
venous thrombosis (55,56), meningoencephalitis (57),
and disseminated intravascular coagulation (58,59).

It is noteworthy that the five-year-old girl with
established diabetes with mild ketoacidosis and
microcytic anemia (a risk factor for thrombosis), who
developed thrombosis in the straight sinus and the
vein of Galen with ischemic changes in the thalamus,
had a clinical picture indistinguishable from typical
cerebral edema. She received anticoagulant therapy
and made a full recovery with very mild learning dis-
ability as a residual (55). In contrast, the 11-year-old
boy with DVT of the leg preceding admission for
DKA at the onset of diabetes was found unconscious
with fixed dilated pupils, but breathing. With cerebral
edema, respiratory arrest would be expected with his
unconsciousness and fixed dilated pupils as a reflec-
tion of brainstem herniation or compression from
edema. Magnetic resonance imaging (MRI) two hours
after his collapse showed acute infarction affecting
multiple areas of the brain without hemorrhage or
edema. He never recovered. His heterozygosity for fac-
tor V Leiden deficiency was thought to be responsible
for the unusual occurrence of DVT in a child (56).
Patients younger than 18 years of age with venous
thrombosis are reported to have a greater than 50%
likelihood of carrying a genetic thrombophilic defect,
and two-thirds of such defects will be in factor V
(60). Case series of cerebral venous thrombosis in
children from various acute causes, including dehy-
dration, indicate that thrombosis is unlikely to occur
in the absence of background coagulopathy (61).
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CEREBRAL EDEMA

The understanding of the epidemiology of cerebral
edema, risk factors for its development, and intervention
to minimize morbidity and mortality has greatly
increased over the past decade. Recent exploration of
pathogenesis using functional imaging methods pro-
mises new insight into this idiosyncratic and still
enigmatic condition.

When two teenage patients with fatal cerebral
edema were reported in 1967, there were only three
others in the literature with a similar clinical history (62).
By 1980, there were only 17 reported cases (63). By 1990,
there were 40 reported cases, and an additional 29 were
added in one report and 11 in another (40,64). Reports
since 2000 have added another approximately 160 cases,
collected over periods varying from 2 to 15 years. Most
importantly, these reports have provided data on
incidence, and within the limitations of retrospective
analysis, added to the realization of the idiosyncratic
nature of the occurrence of cerebral edema and the usual
inability to assign iatrogenic causation (65,66).

Prevalence and Incidence

In 1990, Bello and Sotos (64) provided the first estimates
of the incidence of cerebral edema in DKA based on
their hospital experience with 1006 episodes in pedi-
atric patients, of whom 11 had cerebral edema for an
incidence of 1.1%. There was a striking difference
between newly diagnosed patients who had a cerebral
edema frequency of 3.3%, and established patients with
frequency of 0.23%. This was, however, a biased popu-
lation because more severely ill individuals would have
been referred, reflected in the fact that some of those
with cerebral edema arrived in advanced states of
deterioration. The first population-based study, from
a three-year U.K. experience involving nearly three
times as many episodes, yielded a lower incidence of
0.7% overall, but also showed a marked discrepancy
between the newly diagnosed, 1.2%, and established
patients, 0.4% (41). Australian experience provides a
higher incidence of 4.3% in newly diagnosed, 1.3% in
established patients, and 2% overall (19). The North
American multicenter study reported a cerebral edema
incidence of 0.9% without differences between new
onset and established patients (42). A prospective
surveillance study in Canada of patients less than 16
years of age with DKA identified 13 verified cases of
cerebral edema for a rate of 0.51% of episodes of DKA
(38). Some of these frequency variations likely rep-
resent differences in case definition as well as referral
patterns.

Morbidity and Mortality

Early case fatality and residual morbidity data based on
case reports and litigated cases had an obvious ascer-
tainment bias and also reflected later recognition of
cerebral edema than with more recent population-based
observations; in addition, appropriate intervention was

less likely in these early or litigated cases. The most
extensive series at the time (1990), analyzed 69 cases
including 40 from the literature. The case fatality rate
was 64% overall, with 14% surviving without dis-
ability, 9% with disability that did not preclude
independence, and 13% with severe disability or veg-
etative state. In those who were treated before
respiratory arrest, who would correspond more closely
to subsequently reported instances, the case fatality
was only 30%, with 30% surviving without disability,
26% with disability not precluding independence,
and 13% with severe disability or vegetative state
(24). Although the interventions in these cases were
often after severe neurologic compromise and inad-
equate, the outcome with treatment is similar to
contemporary population-based studies (Table 1).

Noteworthy in the most recent report, from
Canada, 19% of cases of cerebral edema were present
before treatment was undertaken, reinforcing pre-
vious observations of this phenomenon and the
idiosyncratic, rather than iatrogenic, nature of this
problem in most cases (38,40–42,66).

Risk Factors

As noted above, a number of reports suggest that
young age, especially less than five years, carries an
increased risk for the development of cerebral edema.
While this may reflect the more rapid deterioration in
this age group and greater delay in diagnosis because
of nonspecificity of symptoms, it may also be due to
greater susceptibility of the younger brain to metabolic
and vascular changes associated with DKA. Greater
severity of acidosis has been noted to be a risk factor,
as have degree of hypocapnia and elevated serum urea
nitrogen, all indicators of severity of ketoacidosis and
dehydration (1). Treatment of acidosis with sodium
bicarbonate infusion has been a significant association
with the development of cerebral edema in one popu-
lation-based case-control study (42). This association
might reflect greater severity of ketoacidosis that is not
adequately controlled for in the case-control design,
rather than an effect of the bicarbonate itself (66).

Not only does younger age confer risk, but also
the entire pediatric age group also carries a risk for cer-
ebral edema associated with either DKA or HHS that
is almost nonexistent in the adult population (67). In
adult patients with HHS, this is true despite rapid
rehydration and restoration of normal glycemia (68).

Table 1 Outcome with Cerebral Edema in Population-Based Studies

References

Glaser

et al. (42)

Edge

et al. (39)

Lawrence

et al. (38)

Region United States United Kingdom Canada

Death 21% 24% 22%
Permanent neurological

sequela

21% 26% 8%

No permanent

neurological sequela

57% 50% 70%
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An inadequate increase in serum sodium con-
centration during treatment for DKA has been
associated with increased risk for cerebral edema in
several studies, which may reflect dysregulation of
antidiuretic hormone secretion as a result of changes
in the brain in those who are in the early, presympto-
matic, stages of cerebral edema (42,69). That this
might be the result of altered renal sodium handling
due to cerebral injury, rather than the type or rate of
fluid administration, is suggested by the absence of
evidence of associations between volume or tonicity
of fluids or the rate of change in serum glucose and
risk of cerebral edema (1,38,40,42,65,70).

Poor outcome in the 61 children with cerebral
edema from the North American multicenter study (42)
was associated with greater neurologic depression at
the time of diagnosis of their cerebral edema, and with
initial serum urea nitrogen concentration. Importantly,
intubation with hyperventilation to a pCO2 less than
22 mmHg was also a risk factor, demanding caution
in hyperventilating affected patients (71).

Mechanisms

Brain edema is a general term that refers to an increase
of cerebral tissue water causing an increase of tissue
volume (72). The prototypic forms are vasogenic, due
to breakdown of the blood–brain barrier as around a
tumor or with trauma; cytotoxic, from poisoning or
metabolic derangement; and osmotic, as occurs with
hyponatremia. While neither the cause nor the location
of the fluid in the swollen brains of children with
DKA- or HHS-related cerebral edema is known, the
mechanism is likely to be complex, and it may not be
the same in all affected individuals.

This complexity and variability is reflected in the
time of onset and in the brain imaging findings. There is
a bimodal distribution of the time of onset, with
approximately two-thirds of patients developing signs
and symptoms in the first six to seven hours and the
rest from 10 to 24 hours after the start of treatment, with
the early onset individuals tending to be younger
(42,70). In an analysis of initial brain CT scans done
2 to 44 hours after establishment of the diagnosis of
cerebral edema, 39% had no acute abnormalities visible,
and this did not differ significantly between early and
late onset subjects; 26% had diffuse edema, which
was also similar between early and late onset. Three
of the eight with diffuse edema also had hemorrhages
and 17% of the entire group had only subarachnoid
or intraventricular hemorrhage. Focal brain injury in
the mesial basal ganglia and thalamus, the periaque-
ductal gray matter, and the dorsal pontine nuclei was
seen in five subjects (22%), and these localized injuries
occurred only in the early onset patients. These findings
were not an artifact of the time that the studies were
performed and thus truly reflect what appear to be
widely varying pathology in the brain leading to
the syndrome that falls under the rubric ‘‘cerebral
edema’’ (70).

Functional brain imaging has permitted the
beginning of understanding of the alterations in the
brain with diabetes and with DKA. Single photon
emission tomography using technetium with 31 10- to
18-year-old patients who were not affected with ketoa-
cidosis and seven controls indicated significant brain
hypoperfusion in those with diabetes mainly in the
basal ganglia and frontal regions, suggesting underly-
ing vascular changes that might be contributory to
the risk for cerebral edema with the advent of DKA (73).
Diffusion MRI, quantified as the apparent diffusion
coefficient (ADC), is a technique that is highly sensitive
for detecting edema. Conditions that expand the
extracellular space, such as vasogenic edema, are char-
acterized by increased ADC, while conditions that
cause cellular swelling, such as hypoxic/ischemic inj-
ury or osmotic swelling, decrease the ADC. Perfusion
MRI complements diffusion imaging by monitoring
the first pass intravenously administered contrast
agent (gadolinium) to assess relative cerebral blood
flow (CBF) and cerebral blood volume. The prevailing
hypothesis, despite the paucity of supporting data, has
been that cerebral edema during treatment of DKA is
the result of osmotic shifts resulting in cellular swell-
ing. If this were the case, ADC should be decreased
and cerebral perfusion diminished or unchanged. Four-
teen children aged 3.5 to 15.5 years were studied
during DKA treatment and after recovery, an appropri-
ate approach because several studies have documented
subtle cerebral edema changes on CT scan in children
without significant neurologic symptoms during their
treatment for DKA (74,75). ADC was significantly
elevated during DKA treatment, which indicated
increased water diffusion in all regions except the
occipital gray matter, with reduction of ADC in the
postrecovery MRI. Perfusion MRI during treatment
showed significantly shorter mean transit times and
higher peak tracer concentrations, suggesting increased
CBF. These findings suggest that the predominant
mechanism of edema formation is a vasogenic process
rather than osmotic cellular swelling and further con-
firm the presence of subtle, asymptomatic cerebral
edema during DKA treatment (76).

Patients with greater dehydration and those with
more profound hypocapnia are at increased risk of
symptomatic cerebral edema (42). Functional imaging
studies (76) suggest that cerebral hypoperfusion before
DKA treatment (73), followed by reperfusion, might
lead to cerebral edema. Typically, ischemic brain injury
is characterized in the acute-to-subacute phases by low
ADC values (i.e., restricted diffusion), likely a result of
both astrocytic swelling and diminished intracellular
microcirculation. Elevated ADCs in DKA do not con-
tradict a possible role for cerebral hypoperfusion in
the pathogenesis of DKA-related cerebral edema. In
fact, studies have demonstrated that the ADC may
return to normal within one hour after reperfusion of
ischemic tissue. The possibility remains that the initial
and typical CNS response to DKA is vasogenic edema,
while other insults leading to symptomatic cerebral
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edema might require prolonged hypoxia or further
insult (inappropriate vasopressin release, fluid over-
load, and central hypoxia from rapid correction of
peripheral acidosis with bicarbonate administration)
leading to the superimposition of cellular edema (77).

Ketones have direct effects on brain microvascular
endothelium and may alter permeability of the blood–
brain barrier, and elevated levels may disrupt membrane
structure by causing oxidative tissue damage through
production of reactive oxygen species and by compro-
mising free radical scavenging. These effects could
contribute to cerebral edema. b-hydroxybutyrate was
detected in brain by proton magnetic resonance (MR)
spectroscopy in half of 25 children during or after treat-
ment for DKA overall and in 90% of those tested within
four hours of the start of treatment. Acetoacetate was
detected in 60%, with greater frequency after four
hours. This inverse relationship, as b-hydroxybutyrate
is oxidized to acetoacetate, reflects changes in the serum
concentrations of these substances with treatment.
Ketones were detected in the brain more frequently in
children with altered mentalstatus during treatment (78).

Further insight into the background on which cer-
ebral edema develops has been provided by MR
imaging and MR spectroscopy of the brain in eight
children with hyperglycemia with or without DKA,
seven of whom were newly diagnosed. All had abnor-
mal signal changes in the frontal region on fluid
attenuated inversion recovery MR imaging, indicative
of edema. Spectroscopic abnormalities were increased
taurine, myoinositol, and glucose. The abnormalities
varied in severity and did not correlate with any clinical
or biochemical measures and were highly consistent
between patients, thought to reflect homeostatic res-
ponses of the brain to prolonged hyperglycemia and
associated osmotic pressure changes (79). Taurine has
been considered important in neuroprotection and
osmoregulation and has been implicated in animal
models of cerebral edema.

Inflammatory mediators have also been impli-
cated in the development of cerebral edema. Plasma
cytokines, as markers of cellular activation, were ele-
vated in six children and adolescents before
treatment of severe DKA. There were significant
decreases of some cytokines during treatment, while
inflammatory cytokines increased, reaching a peak
consistent with the peak time of cerebral edema devel-
opment. Such elevation could have effects on capillary
function that could contribute to the expression of clini-
cal cerebral edema (80).

Monitoring

A model for early detection of cerebral edema has been
developed based on the assumption that treatment
modification has not prevented this complication and
the strong evidence that early administration of manni-
tol prevents brain damage and death from cerebral
edema (70). The model applied signs of neurologic
impairment based on 26 case reviews, which were then

tested with an independent sample of 17 patients who
had previously been reported with symptomatic cer-
ebral edema (40) for whom records were still
available. The protocol allowed 92% sensitivity and
96% specificity for the recognition of cerebral edema
early enough for intervention, using one diagnostic cri-
terion, two major criteria, or one major plus two minor
criteria (Table 2).

In effect this means that five youngsters will be
treated for cerebral edema to prevent brain damage
or death in one patient, a reasonable proposition con-
sidering the alternative of waiting for more stringent
criteria to be met.

Treatment

The importance of early intervention, as soon as cerebral
edema is suspected and especially before respiratory
arrest, has been well documented (1,40,54,64). Inter-
vention has included reduction in the rate of fluid
administration, elevation of the head of the bed, and
administration of intravenous (IV) mannitol in a dosage
of 0.25 to 1.0 g/kg over 20 minutes with repeat as neces-
sary in one to two hours. Although early intervention
with mannitol has markedly improved outcome, the
degree to which this has occurred is difficult to deter-
mine because increased recognition of the problem
has undoubtedly led to less stringent case definition.
In this context, it is interesting that the application of cri-
teria developed from the most severe cases, when
applied to a series of 69 consecutive cases thought to
be uncomplicated, yielded three who met these criteria
(4.3%) (70).

Mannitol has a variety of effects, which are not
entirely understood, including lowering hematocrit
and blood viscosity, which improves CBF and oxy-
genation, improvement in red cell deformability,
vasoconstriction in areas of the brain with intact autore-
gulation or improved autoregulation from the effects of
the mannitol on CBF and oxygenation, and direct
osmotic effects with reduction in extracellular free

Table 2 Bedside Evaluation of Neurologic State of Children with Diabetic

Ketoacidosis

Diagnostic criteria
Abnormal motor or verbal response to pain

Decorticate or decerebrate posture

Cranial nerve palsy (especially III, IV, VI)

Abnormal neurogenic respiratory pattern (e.g., grunting,

tachypnea, Cheyne-Stokes, apneustic)

Major criteria
Altered mentation/fluctuating level of consciousness

Sustained heart rate deceleration (decline more than 20/min)

not attributable to improved intravascular volume or sleep state

Age inappropriate incontinence

Minor criteria
Vomiting following initial treatment and its cessation,

if present at admission

Headache (recurrent and more severe than on admission)

Lethargy or not easily aroused from sleep

Diastolic blood pressure greater than 90 mmHg

Age less than 5 yr old
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water. Concerns about the risk of rebound edema and
renal failure have not been borne out by any published
reports. This is likely because these problems arise with
long-term rather than acute use.

Hypertonic saline has been used in acute intra-
cranial pressure reduction in head injury animal
models and in patients undergoing surgical procedures
in the supratentorial portion of the brain and has been
considered at least as effective as mannitol (81–89). Its
use in DKA-associated cerebral edema was initially
described in a case report of a 13-year-old girl with rela-
tively mild acidosis who developed a severe headache
20 minutes after the start of treatment and who had
CT scan evidence of diffuse cerebral edema with trans-
tentorial herniation. Deteriorating further despite
infusion of mannitol, she was given 5 mL/kg of 3% sal-
ine rapidly and awoke with recovered neurologic
function within five minutes (90). It seems reasonable
to consider the use of 3% saline in patients who have
not responded adequately to mannitol infusion of a
dose of 1.0 g/kg.

Intubation is necessary for those who have pro-
gressed to respiratory compromise, an indicator of
advanced neurologic deterioration. Aggressive hyper-
ventilation was a significant risk factor for poor
outcome in the study of Marcin et al. (71), similar to
detrimental effects reported in head trauma and
high-altitude exposure (1).

MANAGEMENT OF DIABETIC KETOACIDOSIS

The current consensus on management of DKA in chil-
dren and adolescents has been developed from a
conference of the European Society for Pediatric Endo-
crinology and the Lawson Wilkins Pediatric Endocrine
Society (1). The management principles outlined should
apply equally to pediatric HHS. Children with estab-
lished diabetes, who are not vomiting or severely ill
and whose caregiver has been trained in sick day man-
agement, can be managed at home or an outpatient
facility, with appropriate supervision and follow-up
(91–93). Children requiring IV rehydration over an
extended period need to be admitted to a unit in which
neurological status and vital signs can be monitored fre-
quently and blood-glucose levels measured hourly (94).
Nursing staff trained in monitoring and management of
DKA should be available and there should be written
guidelines (1). Those with severe DKA (long duration
of symptoms, compromised circulation, and depressed
level of consciousness) or with other factors increasing
the risk for cerebral edema, i.e., age under five years,
low pCO2, and high serum urea nitrogen, should be
in an intensive care unit, preferably pediatric, or an
equivalent facility (1).

Evaluation

Differential diagnosis should include other causes of
coma in children, which might be instead of or in
addition to DKA (Table 3).

Careful evaluation for infection is important; in
one report approximately 30% of episodes were asso-
ciated with infection, equally distributed between
viral and bacterial (95). A weight should be obtained
for calculation purposes.

The degree of dehydration can be estimated as 5%
with reduced skin elasticity, dry mucous membranes,
tachycardia, and deep breathing, up to 10% with capil-
lary refill time greater than three seconds and sunken
eyes. It is typical for calculations of fluid deficit to be
based on 10% dehydration, which is a modest overesti-
mate that does not appear to have clinical significance
(96). The level of consciousness should be assessed
using the Glasgow coma scale (GCS) (Table 4) (97). An
initial blood sample should be tested for glucose, elec-
trolytes, pH, urea nitrogen, creatinine, osmolality,
ketones or b-hydroxybutyrate, hemoglobin and hema-
tocrit, or complete blood count, keeping in mind that
DKA is associated with leukocytosis that does not corre-
late with the presence or absence of infection (95). As a
substitute for measured osmolality, calculated osmo-
lality may be determined as: 2X(NaþK)þ glucose
in mmol/LþBUN/3. A urine specimen should be
checked for ketones. Appropriate culture specimens
should be obtained as indicated. If there is any possi-
bility of delay in obtaining a serum potassium result,
electrocardiographic monitoring should be done for
potassium status (98,99). Continuous electrocardio-
graphic monitoring using standard lead II should be
done for severely ill patients or if the initial potassium
level is less than 3 mEq/L or greater than 6 mEq/L;
depressed T-waves indicate hypokalemia and peaked
T-waves hyperkalemia (100).

Determination of glycohemoglobin (HbA1c)
concentration will provide insight into the severity
and duration of hyperglycemia in new patients and
is useful for comparison to the previous determi-
nation in an established patient. It may also be
useful to obtain a blood sample for measurement of
free insulin before the administration of insulin to

Table 3 Conditions Associated with Coma in Children

Metabolic derangements
Hyperglycemia (ketoacidosis, hyperosmolar state)

Hypoglycemia

Hepatic or uremic encephalopathy

Inborn errors of metabolism

Electrolyte imbalance (e.g., Addison disease, diabetes

insipidus, water intoxication)

Lactic acidosis (salicylate poisoning)

Illicit substance or prescription drug

Hypoxia (CO, cyanide)

Postictal

Disturbances of the central nervous system
Meningitis

Encephalitis

Trauma/concussion

Hemorrhage (extradural, subdural, subarachnoid, intracerebral)

Brain tumor

Brain abscess

Cerebral thrombosis
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confirm an impression of failure to administer insulin
as the cause of recurrent DKA (101).

The severely obtunded child will require con-
tinuous nasogastric suction for the prevention of
pulmonary aspiration and may require oxygen. Bladder
catheterization should be performed only in individuals
who are unable to void on demand; older patients may
have atonic bladder with urinary retention requiring
initial catheterization, but not indwelling. Successful
management and early intervention for complications
require close monitoring. A flow chart should be main-
tained with as frequent entries as indicated by the
patient’s condition (Fig. 2) (101). Monitoring frequency
recommendations are in Table 5 (102).

Fluid and Insulin Replacement

The goals of treatment with fluid and insulin are:

1. To restore perfusion, which will increase glucose use in
the periphery, restore glomerular filtration, and reverse
the progressive acidosis.

2. To arrest ketogenesis with insulin administration,
reversing proteolysis and lipolysis while stimulating
glucose uptake and processing, thereby normalizing
blood-glucose concentration.

3. To replace electrolyte losses.
4. To avoid, insofar as possible, the complications of treat-

ment or to intervene rapidly when they occur (102).

Fluid Therapy

& Dehydration can be assumed to be 5% to 10% (50–100
mL/kg). As noted above, clinical evaluation usually over-
estimates level of dehydration (96). Serum urea nitrogen
and hematocrit may be useful for determining severity of
extracellular fluid (ECF) contraction (92). Serum sodium
concentration is not reliable for determining ECF deficit
because of the osmotic effect of hyperglycemia-induced
dilutional hyponatremia (103,104) and the low-sodium
content of the elevated lipid fraction of the serum in
DKA. Corrected sodium, i.e., for normal glucose level,
can be estimated by adding 1.6 mEq to the measured value
for each 100 mg/dL blood-glucose above normal (103).

& 20 mL/kg 0.9% NaCl should be provided in the first one
to two hours to restore peripheral perfusion.

& Maintenance can be calculated as 1000 mL for the first 10 kg
body weightþ 500 mL for the next 10 kg þ20 mL/kg over
20 kg.

& The remainder of replacement after the loading dose
based on 5% to 10% dehydration, and maintenance,
can be distributed over the subsequent 22 to 23 hours.
Some prefer to provide half of replacement in the first
eight hours. It is important to consider fluids that have
recently been administered orally at home (if not vom-
ited) and parenteral fluids provided in the emergency
room or referring institution.

& If osmolality (calculated or measured) is greater than
320 mosm/L, replacement can be calculated for correc-
tion in 36 hours and if greater than 340 mosm/L, in 48
hours. Except for severely ill and very young indivi-
duals, oral intake will begin before 24 hours.

& While urinary output should be carefully documented, uri-
nary losses should not be added to fluid requirements (1).

& After initial 0.9% NaCl bolus, rehydration/maintenance
should be continued with 0.45% NaCl. During rehydra-
tion, the measured Na can increase to the level of the
corrected Na as glycemia declines and then decline to
normal levels if the corrected level was elevated.

& The use of large amounts of 0.9% saline may result in
hyperchloremic metabolic acidosis (105,106).

& To prevent unduly rapid decline in plasma glucose con-
centration and hypoglycemia, 5% glucose should be
added to the IV fluid when the plasma glucose falls to
300 mg/dL (17 mmol/L). An efficient method of provid-
ing glucose as needed without long delays entailed by
the changing of IV solutions is to have two IV fluid bags
connected, one containing 10% dextrose and the appro-
priate sodium and potassium concentrations and the
other with the same salt concentrations but no dextrose,
the so-called ‘‘two bag system’’ (107).

& Potassium (20–40 mEq/L or up to 80 mEq/L as needed)
can be provided as half KCL, half KPO4 (to replenish
low phosphate levels and to decrease the risk of hyper-
chloremia) or as half KPO4 and half K acetate (which,
like lactate, is converted to bicarbonate to help correct aci-
dosis) after serum K reported as less than 6 mmol/L or
urine flow is established. Serum potassium concentration
increases by approximately 0.6 mEq/L for every 0.1
decrease in pH, so that the serum potassium level does
not reflect the large deficit from diuresis and vomiting.
Both potassium and phosphate shift markedly from

Table 4 Glasgow Coma Scale or Score (GCS)

Best eye response Best verbal response Best verbal response (nonverbal children) Best motor response

1. No eye opening 1. No verbal response 1. No response 1. No motor response

2. Eyes open to pain 2. No words, only incomprehensible

sounds; moaning and groaning

2. Inconsolable, irritable, restless, cries 2. Extension to pain (decerebrate

posture)

3. Eyes open to verbal

command

3. Words, but incoherenta 3. Inconsistently consolable and moans;

makes vocal sounds

3. Flexion to pain (decorticate posture)

4. Eyes open

spontaneously

4. Confused, disoriented conversationb 4. Consolable when crying and interacts

inappropriately

4. Withdrawal from pain

5. Orientated, normal conversation 5. Smiles, oriented to sound, follows

objects and interacts

5. Localizes pain

6. Obeys commands

Note: The GCS consists of three parameters and is scored between 3 and 15; 3 being the worst and 15 the best. One of the components of the GCS is the best

verbal response, which cannot be assessed in nonverbal young children. A modification of the GCS was created for children too young to talk.
aInappropriate words, no sustained conversational exchange.
bAttention can be held; responds in a conversational manner, but shows some disorientation.

Source: From Ref. 97.
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intracellular to extracellular compartments with acidosis
and reenter cells rapidly with insulin-induced glucose
uptake and rehydration (100,108).

& Bicarbonate is very rarely indicated. There is no evi-
dence that bicarbonate facilitates metabolic recovery.
Restoring circulatory volume will improve tissue per-
fusion and renal function, increasing organic acid

excretion and reversing lactic acidosis. The administra-
tion of insulin stops further synthesis of ketoacids and
reactivates the Krebs cycle, permitting metabolism of
them and regeneration of bicarbonate. Bicarbonate ther-
apy may cause paradoxical CNS acidosis, rapid
correction of acidosis can cause hypokalemia, the
additional sodium can add to hyperosmolality, and

time
hrs:min since admission

Vital Signs

temp

pulse

blood pressure

respiratory rate

GCS

pupil size

pupil reaction

cap refill time

glucose

pH

sodium

potassium

chloride

CO2

HCO3

BUN

creatinine

ketones serum

ketones urine

βOHbytyrate

osmolality measured

osmolality calculated

calcium

phosphorus

magnesium

type

potassium mEq/L

rate

intake

urine output

insulin units/hour

Laboratory

Fluids and Insulin

name birthdate admission date/time

weight height duration of diabetes

Figure 2 Flow chart for monitoring the evolution of patients.
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alkali therapy can increase hepatic ketone production,
potentially slowing recovery from ketosis (1). The
extremely rare circumstance which may benefit from
cautious alkali therapy is severe acidemia in which
tachypnic response is inadequate or persistent compro-
mised perfusion following initial fluid expansion
suggests decreased cardiac contractility and peripheral
vasodilatation (1). Safe administration to avoid risk of
hypokalemia is to give 1 to 2 mEq/kg body weight or
80 mEq/m2 body surface area over two hours (10).
The NaCl concentration in the fluids should be reduced
to allow for added Na ion.

Insulin

& Insulin should be started after the initial fluid expan-
sion is completed for a more realistic starting glucose
level.

& The most widely used system is 0.1 U/kg hourly as a con-
tinuous infusion, using a pump. 50 units of regular
insulin is diluted in 50 mL normal saline to provide
1 U/mL.

& A bolus dose is not necessary and may increase the risk
of cerebral edema (109).

& It may be more convenient in some settings to admin-
ister insulin subcutaneously. In adults, there did not
seem to be any difference whether insulin was admi-
nistered intravenously, intramuscularly, or
subcutaneously after the first couple of hours of treat-
ment (110–113). The first study of subcutaneous
insulin in children with DKA using rapid-acting insu-
lin analogue (lispro) provided a dose of 0.15 U/kg
every two hours, finding no essential differences from
children randomized to receive 0.1 U/kg/hr intrave-
nously (114). The administration of 0.1 U/kg
subcutaneously every hour may be preferable and
can be adjusted to maintain blood-glucose concen-
tration at approximately 250 mg/dL (11 mmol/L).

& During initial fluid expansion, a high blood-glucose
level may drop 200 to 300 mg/dL even without insulin
infusion. High blood-glucose levels should drop 50 to
150 mg/dL/hr (but not more than 200 mg/dL/hr), and
if they do not, the dose should be increased. This is
rarely necessary.

& If the blood-glucose level falls below 150 mg/dL with
10% dextrose solution running, the insulin dose should
be reduced to 0.05 U/kg/hr.

& Insulin should not be stopped or reduced below 0.05
U/kg/hr, because a continuous supply of insulin is nee-
ded to prevent ketosis and permit continued anabolism.

& Persistent acidosis, defined as bicarbonate value less than
10 mmol/L after 8 to 10 hours of treatment, is usually
caused by inadequate insulin effect, indicated by persistent
hyperglycemia. Insulin dilution and rate of administration
should be checked, and a fresh preparation made if older
than six to eight hours. Too dilute a solution may enhance
adsorption to the tubing. If insulin is being given by subcu-
taneous injection, inadequate absorption may be occurring
or there may be resistance due to unusually high counter-
regulatory hormones, as with concomitant febrile illness
(102). Extremely rare causes of persistent acidosis are lactic
acidosis due to an episode of hypotension, apnea, or inad-
equate renal competency in the handling of hydrogen ion
as a result of an episode of renal hypoperfusion (102).

Transition

& IV fluids can be stopped one to two hours after substan-
tial consumption of oral fluids without vomiting.

& Subcutaneous insulin injection can be started when the
patient no longer needs IV fluids. It is most convenient
to wait until the presupper or prebreakfast time to
restart intermediate- or long-acting insulin. Until then,
regular insulin 0.25 U/kg subcutaneously can be given
every six hours approximately, and the insulin infusion
stopped 60 to 120 minutes after the first subcutaneous
dose of regular insulin or 15 to 30 minutes after rapid-
acting insulin analogue.

& Patients should not be kept in the hospital simply to
adjust insulin dosage, because food, activity, and psy-
chosocial environment in the hospital are not normal.

Prevention

The prevention of hyperglycemic coma in children
and adolescents requires a diligent health-care system.
The prevention of DKA at onset is possible when early
diagnosis is made through genetic and immunologic
screening of high-risk children (18,32). For the larger
population, an example has been provided by the
Italian school and physician awareness program direc-
ted at 6- to 14-year olds, which reduced the rates of DKA
from 78% to near 0% over six years (21). The reports of
death from HHS with undiagnosed T2DM emphasize
the need to educate emergency physicians and others
of the risk of this preventable mortality (16,17).

Recurrent DKA was demonstrated to be dra-
matically reduced 30 years ago by a comprehensive
program involving outreach clinics, frequent routine
and emergency telephone contact, and a camping pro-
gram supported by a state program for children with
special health-care needs. Private patients in the program

Table 5 Monitoring Treatment of Diabetic Ketoacidosis or Hyperglycemic

Hyperosmolar State in Children

Measure Interval

Clinical
Vital signs 20–60 mina

Coma score 20–60 mina

Pupillary size and reaction 20–60 mina

Capillary refill time 30–60 min until< 3 sec

Laboratory
Glucose Hourly bedside; laboratory with

electrolytes

Potassium Hourly if< 3 or> 6 mmol/L

Sodium, potassium, CO2 or HCO3,

venous pH, osmolality

Admission, 2, 6, 10, 24 hr

Serum urea nitrogen Admission, 12, 24 hr

Calcium, phosphorus, magnesium Admission, 12, 24 hr

b-hydroxybutyrate Admission, 6, 12, 24 hr

Ketonuria Admission, 4–6 hourly

Fluids
Type and rate

Potassium content and type

Intravenous and oral intake

Output (urine, gastrointestinal)

Insulin

a Depending on risk factors for cerebral edema.

164 Rosenbloom



had a reduction in hospital admission days from prein-
tervention of 2.8 to 0.3/patient/yr and in the second
year to 0/patient/year. The state program sponsored
children had a reduction from 4.9 to 1.8/patient/yr and
in the second year to 0.9/patient/yr (33). Guidelines for
sick day management will vary depending on whether
the child is being treated with multiple injections or uses
a pump; recommendations are in Vol. 1; Chap. 7.

Patients with compliance problems resulting in
recurrent DKA account for a disproportionate number
of recurrent DKA episodes; in the U.K. surveillance
study, 4.8% of patients accounted for 22.5% of all
episodes (41). Insulin omission is the principal immedi-
ate reason for the development of DKA in children and
adolescents, reflected in low or absent levels of free
insulin (67). While psychosocial intervention is of
importance, the necessity for assuring administration
of insulin by responsible adults is paramount.

CONCLUSIONS

In addition to DKA, which occurs in T1DM and
T2DM, HHS has been increasingly observed with
the recent surge in incidence of T2DM. Frequency of
DKA at onset of T1DM varies regionally and inter-
nationally from 10% to 70%, depending on
availability of health care and frequency of diabetes.
At the onset of T2DM, DKA occurs in 5% to 52%.
One study suggests that approximately 4% of new
T2DM presents with HHS. Variables of medical ser-
vices and socioeconomic circumstances determine
recurrent DKA rates, estimated to be 8 episodes/100
patient years, with 20% of patients accounting for
80% of the episodes. Mortality for each episode of
DKA internationally varies from 0.15% to 0.31%, with
idiopathic cerebral edema accounting for two-thirds
or more of this mortality. Other causes of death or dis-
ability include untreated HHS, hypokalemia,
hypophosphatemia, hypoglycemia, other intracer-
ebral complications, peripheral venous thrombosis,
mucormycosis, rhabdomyolysis, acute pancreatitis,
acute renal failure, sepsis, aspiration pneumonia,
and other pulmonary complications. Population-
based studies from the United Kingdom, Australia,
the United States, and Canada report cerebral edema
incidence in DKA of 0.5% to 2.0%. As many as
approximately 20% of occurrences of cerebral edema
may be present before treatment is undertaken. Pub-
lished information does not support the notion that
treatment factors are causal in most cerebral edema.
Younger age, greater severity of acidosis, degree of
hypocapnia, and severity of dehydration have been
suggested as risk factors in several studies. Bimodal
distribution of the time of onset of cerebral edema
and wide variation in brain imaging findings provide
clues to the complexity and variability of this problem
and the possibility of multiple causation of the clinical
picture. Functional brain scanning has indicated that
DKA is accompanied by increased CBF, suggesting
that the predominant mechanism of edema formation

is a vasogenic process. A method of monitoring for
diagnostic, major, and minor signs of cerebral edema
has been proposed and tested, which indicates that
intervention will be required in five individuals to pro-
vide early intervention for a single case of cerebral
edema. The preferred intervention of mannitol infusion
has typically been accompanied by intubation and
hyperventilation, but recent evidence indicates outcome
is adversely affected by aggressive hyperventilation.

The frequency of new onset DKA and its attend-
ant morbidity and mortality cannot be reduced
without a substantial investment in public, school,
and physician education, for recognition of new onset
diabetes before progression to acidosis. More focused
investment in comprehensive supervision and 24-hour
availability of knowledgeable health personnel are
needed to prevent recurrent DKA. Studies of the effi-
cacy and cost-effectiveness of such efforts are needed.
The prevention of HHS and its attendant morbidity
and mortality requires a high index of suspicion for
the high-risk obese group who may not have typical
signs and symptoms of diabetes and whose dehy-
dration may be masked by their obesity. We are a
long way from understanding enough about cerebral
edema to know how to prevent it, but knowledgeable
individuals treating DKA can prevent most of the dev-
astating morbidity and mortality by early intervention.
Increasingly sophisticated and perhaps bedside func-
tional imaging techniques may be both informative
and diagnostic. The recent observations of efficacy of
hypertonic saline as an alternative to mannitol to treat
cerebral edema suggest a need for further investigation.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) in children and ado-
lescents is becoming an increasingly important public
health concern throughout the world. In North Amer-
ica, T2DM comprises 30% of all newly diagnosed
diabetes in patients 10 to 20 years of age (1). Not sur-
prisingly, this epidemic is closely associated with the
increased prevalence of obesity among youth of all
ethnic backgrounds (1,2), as increased visceral adipose
tissue produces adipokines, which increase insulin
resistance (3). There is a clear relationship between
T2DM and the insulin resistance/metabolic syn-
drome, which includes abdominal obesity, disturbed
glucose regulation, dyslipidemia, and hypertension
(4). The contemporary epidemic of T2DM in youth
has given pediatric diabetes specialists a major
responsibility for a condition that was previously rare
in the pediatric age group. As they earlier did for
Type 1 diabetes mellitus (T1DM), pediatric diabetolo-
gists are developing teams to deal with this difficult
and growing clinical challenge of obesity and T2DM.

Because of the relatively recent recognition of the
problem in this age group, there may be many affected
individuals who are undiagnosed, as well as many
children who are misclassified as having T1DM. Risk
factors for cardiovascular disease are already present
at the time of diagnosis of T2DM, making immediate
and continuing normalization of blood-glucose levels,
blood pressure (BP), and lipids desirable.

EPIDEMIOLOGY

Beginning around 1990, pediatric endocrinologists,
who had been aware for decades of a small proportion
of their diabetes patients having Type 2 disease (5),
noticed a sharp increase in the numbers of patients
with T2DM (6). This was predominantly, but not
exclusively, seen in the African-American and
Mexican Hispanic-American population, indicating
there may be ethnic differences in background insulin
sensitivity. In studies from Cincinnati, Arkansas,
and Texas, African-Americans accounted for 70% to
75% of pediatric T2DM (7,8). It is estimated that

one-third of Mexican-American children and youth
with diabetes in southern California and over two-
thirds of those in South Texas have T2DM (9,10).
Native Americans were the first to have been reported
with a substantial number of children having T2DM,
with a 1% prevalence noted as early as 1979 (11).

There is little argument that T2DM in children
and adolescents has become an epidemic. The first
recognition of a substantial prevalence was in 1977
among 15- to 24-year-old Pima Indians, with nine
out of 1000 (0.9%) having diabetes associated with
obesity and early onset of microvascular and cardio-
vascular complications (11). This was in a population
in which 50% of adults have T2DM. Half of these
youngsters had ketoacidosis. By the 1990s, 5% of
15- to 19-year-olds and 2.2% of 10- to 14-year-olds
(previously 0%) had T2DM (12). Records from six
Indian Health Service facilities in Montana and
Wyoming showed that 53% of prevalent cases and
70% of incident cases were suspected to be T2DM,
making the average annual incidence rate of T2DM
for this population 23.3 per 100,000, four times higher
than the incidence rate of T1DM in the same
population (13). Among First Nations people in
Canada, the frequency of T2DM in children and youth
is comparable with that of T1DM in Caucasians (14).

Reports from throughout the United States show
that the percentage of patients with new-onset dia-
betes diagnosed as having T2DM increased from 2%
to 4% in 1994 to 20% to 50% by 2000 (15). The percent-
age of patients diagnosed with T2DM had previously
been stable. Knowles reported approximately 3.5% of
patients in a Cincinnati-based diabetes clinic having
T2DM in 1971 (5); a similar proportion (2–4%) was
noted from the same clinic between 1982 and 1992,
with a sharp increase to 16% by 1994 (13). In Native
North Americans, there have been four to six times
as many females as males affected, but in the Afri-
can-American and Mexican-American groups with
T2DM, the sex ratio has been far less skewed, varying
from 1.7 females for every male in African-Americans
to nearly 1:1 in Mexican-Americans (16).

A study of 682 5- to 19-year-olds diagnosed
between January 1, 1994 and December 31, 1998 at



the three University-based diabetes centers in Florida
found that 14% of the patients had T2DM. While 47%
of T1DM patients were female, 63% of T2DM patients
were female (17). In contrast to the studies from
Arkansas and Cincinnati, African-Americans com-
prised only 46% of those with T2DM, while 22%
were Hispanic, and the rest non-Hispanic whites. The
risk for developing T2DM was three times greater for
African-American youngsters and 3.5 times greater
for Hispanics than for whites. During the initial year
of the study, 8.7% of newly diagnosed patients were
eventually classified as having T2DM, whereas in the
last year of the study 19% were thus classified, indicat-
ing a twofold increase in the proportion of new
diabetes patients in this age group having T2DM over
the relatively brief period of five years (17).

The recognition of an epidemic of T2DM is not
unique to North America. In Japan 80% of all new
cases of diabetes in children and adolescents in 2000
were T2DM. Annual urine testing for glucose of
schoolchildren in the Tokyo area has been carried
out since 1975, followed by oral glucose tolerance test-
ing for those who have glucosuria. In the primary
school age group the incidence of T2DM increased
from 0.2 per 100,000 in 1976 to 2 per 100,000 in 1995,
while in the 12- to 15-year age group, there has been
a doubling of incidence of T2DM from 7.2 to 13.9
per 100,000, paralleling increasing obesity rates (15).
In contrast, the incidence of T1DM was 1.5 cases per
100,000 in 1976 and did not change appreciably over
the next 20 years. Other reports indicate that increas-
ing rates of T2DM with concurrent increases in
obesity are also being observed in children in
Thailand, China, India, New Zealand, Australia, and
throughout Europe (15). The prevalence of T2DM in
England is estimated at 0.2% and this problem is
expected to be more prevalent with the epidemic of
childhood obesity in that country (18).

A constant in the emergence of T2DM in young
patients has been the association with obesity and
increasing rates of that seminal condition. The U.S.
National Health and Nutrition Examination Survey
conducted between 1988 and 1994 found that 20% of
children 12 to 17 years of age had body mass indexes
(BMIs) above the 85th percentile for age, the definition
of overweight, and that depending on ethnicity, 8% to
17% were obese, with a BMI greater than 95th percen-
tile. Not only was there a doubling of the frequency of
childhood obesity since 1980, but also the severity of
obesity was greater (19).

In a 20-year study of 11,564 5- to 24-year-olds
living in a biracial community in Louisiana (the
Bogalusa Heart Study) from 1973 to 1994, there was a
mean weight increase of 0.2 kg/yr and increased skin-
fold thickness. Overweight increased from 15% to
30%, and obesity from 5% to 11% in 5- to 14-year-olds
and from 5% to 15% in 15- to 17-year-olds. The increases
in the second 10 years of the study were 50% greater
than those in the first 10 years (20). In the National
Longitudinal Survey of Youth, a prospective cohort

study of 8270 children aged 4 to 12 years, there was a
significant increase in overweight and obesity between
1986 and 1998. The prevalence rates in 1998 for over-
weight were 38% for African-Americans and Hispanics
and 26% for whites, while 22% of African-Americans
and Hispanics and 12% of whites were obese (21).

Similar trends to those in the United States have
been reported for Japan (22) and Western Europe (23).
In Russia, 6% of approximately 7000 6- to 18-year-olds
examined in 1992 were obese and 10% were over-
weight, using U.S. BMI reference data (24). Reports
from 2003 from China indicated that 27.7% of boys
and 14.1% of girls were overweight (25). In 1996 in
the United Kingdom, 22% of 6-year-olds were over-
weight, and 10% were obese; by age 15, 31% were
overweight and 17% obese (26). Numerous studies
in Europe have indicated that the highest rates of
childhood obesity occur in the eastern European
countries, particularly Hungary, and in the southern
European countries of Italy, Spain, and Greece (27).

ETIOLOGY

The question of nature versus nurture (genetics vs.
environment) is raised frequently in discussions of
the etiology of T2DM. The recent increase in T2DM
prevalence in young patients has been so rapid that
it can only be explained by changes in the environ-
ment. The most important of these is the increasing
prevalence of obesity (28,29). Nonetheless, not all or
even a majority of obese youngsters develop T2DM,
emphasizing the importance of underlying genetic
predisposition. The thrifty genotype hypothesis,
advanced nearly 40 years ago and recently updated
(30,31), explains the insulin resistance and relative
beta-cell insufficiency that is associated with the
development of obesity and T2DM as an adaptation
for conserving energy and surviving famine. Until
the modern era of ready availability of high calorie
foods, such a genotype would have had great survival
advantage. Numerous studies have demonstrated
that both insulin resistance and limited pancreatic
beta-cell capability to respond to the increased
insulin requirements associated with obesity are
the basic abnormalities in the development of
T2DM (32–38) (Vol. 1; Chap. 11).

Insulin resistance affects glucose, lipid, and pro-
tein metabolism. Normal glycemic control requires
the sensing of glucose concentration by the beta
cells, the synthesis and release of insulin, the coupling
of insulin to its receptors, and post-receptor insulin
activation. This results in increased glucose uptake
by muscles, fat, and liver tissue with decreased glu-
cose production by the liver. In T2DM, there is
peripheral insulin resistance in muscle and fat tissue,
together with decreased pancreatic insulin secretion,
and increased hepatic glucose output which results
in hyperglycemia (Fig. 1) (39). Hyperglycemia can be
promoted by protein tyrosine phophatases depho-
sphorylating the insulin receptor and its substrates
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or by a protein called TRB3 blocking the actions of
insulin in the liver (40).

The Role of Fetal and Childhood Nutrition

The association of lower birthweight, smaller head
circumference, and thinness at birth with later devel-
opment of insulin resistance and impaired glucose
tolerance or T2DM suggested in utero programming
that limited beta-cell capacity and induced insulin
resistance in peripheral tissues (41,42). The maternal
undernutrition that led to low birthweight was
thought to impair development of the endocrine pan-
creas. The effect of fetal undernutrition on adult
glucose tolerance has been confirmed in large studies
in Sweden and the United States (43,44). Glucose
intolerance was also found in adults who were the
offspring of mothers who had starved during the last
trimester of pregnancy during the Dutch famine at
the end of World War II (45). Low birthweight has
also been associated with increased cortisol axis
activity in adults. South African non-obese 20-year-olds
who had been underweight for gestational age had
greater plasma cortisol response to adrenocortico-
trophic hormone, higher BP, and more frequent
impaired glucose tolerance compared with normal
birthweight controls (46) (Vol. 1; Chap. 12).

Three studies of young subjects from high-risk
populations substantiate the reports of the effect of
fetal nutrition on the risk for development of the insu-
lin resistance syndrome (IRS) (T2DM, hypertension,
dyslipidemia) in adulthood. Current weight corre-
lated with birthweight among 3061 Pima Indians
aged 5 to 29 years, and two-hour glucose concentra-
tions had a U-shaped relationship with birthweight
in those greater than 10 years old, regardless of cur-
rent weight. Thus, higher blood-glucose levels were
present in those who had both high and low
birthweights, irrespective of their current weight.
The 2272 subjects without diabetes had negative

correlations between birthweight and insulin resist-
ance, determined by measurement of insulin
concentrations at baseline and two hours following a
glucose load. These findings support the hypothesis
of a survival advantage for insulin resistance in low
birthweight babies (47). These findings were con-
firmed in a study of 1492 individuals who were
followed from birth through adulthood which found
that thinness in infancy correlated with impaired glu-
cose tolerance and T2DM in young adulthood (48).

In a study of 477 eight-year-old Indian children,
insulin resistance variables and plasma total and low-
density lipoprotein (LDL) cholesterol concentrations
were strongly related to low birthweight but high-fat
mass at eight years of age. Lower birthweight was
associated with calculated insulin resistance, elevated
systolic BP, fasting plasma insulin and 32 to 33
split proinsulin concentrations, plasma lipids, and
glucose and insulin concentrations 30 minutes after
glucose (49). Low birthweight Caucasian and
African-American children (n¼ 139) studied when
they were aged 4 to 14 years had significant differ-
ences between the two races in the effect of low
birthweight on visceral fat mass as measured by
dual-energy X-ray absorptiometry and computed
tomography, fasting insulin, acute insulin response
to intravenous glucose, beta-cell function, and high-
density lipoprotein (HDL) cholesterol concentrations,
indicative of the genetic differences suggested by the
thrifty genotype hypothesis (50). These findings are
consistent with the higher prevalence of T2DM in
African-Americans.

Early childhood nutrition also is thought to
play a role in the development of insulin resistance
later in life. An association between high protein
intake in infancy and later obesity has been sug-
gested (51). Breast feeding results in a more
appropriate caloric intake at a critical stage in devel-
opment than bottle feeding, which is more likely to
be associated with overfeeding and obesity. Glucose
tolerance testing was carried out in 720 Pima Indians
aged 10 to 39 years, including 325 who had been
exclusively bottle-fed as infants, 144 who were
exclusively breast-fed, and the rest partially breast-
fed for the first two months of life. Those exclusively
breast-fed had significantly lower rates of T2DM
than those exclusively bottle-fed for each age dec-
ade, with an odds ratio for T2DM in exclusively
breast-fed individuals of 0.41 (52). Furthermore, pro-
longed breast feeding markedly reduced the risk of
overweight in nearly 10,000 five- to six-year-old
German children; 3.8% of those exclusively breast-
fed for two months were overweight versus 0.8%
of those breast-fed for longer than 12 months (53).
This finding may be due to the lower insulin
responses and the lower energy and protein intake
in breast-fed infants versus bottle-fed infants (51).
The frequent overweight of the bottle-fed infant
may contribute to insulin resistance and obesity in
adolescence and young adulthood.

Figure 1 Development of T2DM. Peripheral insulin resistance in muscle

and fat tissue, together with decreased pancreatic insulin secretion, and

increased hepatic glucose output, results in hyperglycemia, which together

with impaired beta-cell function results in T2DM. Abbreviation: T2DM,

Type 2 diabetes mellitus. Source: Adapted from Ref. 39.
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The thrifty phenotype hypothesis states that
poor nutrition in fetal and early infant life would be
detrimental to the development and function of the
beta cells and insulin-sensitive tissues, primarily
muscle, leading to insulin resistance. With obesity in
later life, T2DM would develop. This hypothesis
would explain the effect of fetal nutrition on later glu-
cose tolerance and other manifestations of insulin
insensitivity, such as hypertension and increased car-
diovascular problems. These findings could also be
interpreted as a reflection of the thrifty genotype
hypothesis that defective insulin action in utero results
in decreased fetal growth and obesity-induced
impaired glucose tolerance in later childhood or adult-
hood (54). Genetic factors affecting birthweight and
glucose metabolism are of interest in this regard. The
polymorphism at the variable number of tandem
repeats locus of the insulin chain is associated with
decreased body length, weight, and head circumfer-
ence at birth (55). Decreased birthweight has been
associated with heterozygosity for a mutation in the glu-
cokinase gene (56). Finally, the glucose transporter 4
expression is impaired in young adults with insulin
resistance who had undernutrition in utero (57). These
aspects are reviewed in greater detail in Vol. 1; Chap. 12.

The Role of Maternal Diabetes

The influence of the diabetic intrauterine environment
on the risk of T2DM in children was first appreciated
from studies in the Pima Indian population; the
prevalence of diabetes in the offspring of Pima
women with diabetes during pregnancy is signifi-
cantly greater than in non-diabetic mothers or those
who develop diabetes after delivery (58). In another
study of the effect of maternal diabetes, fetal beta-cell
function was assessed in 88 pregnancies with preges-
tational or gestational diabetes by measuring amniotic
fluid insulin (AFI) concentration at 32 to 38 weeks of
gestation and performing oral glucose tolerance tests
annually in the offspring from 18 months of age. Only
one of 27 adolescents with normal AFI had impaired
glucose tolerance, in contrast to one-third of those
with elevated AFI (59). These studies suggest a
generation to generation accumulation of risk for
T2DM that further increases the public health concern
of the epidemic of this disease in young persons (60).

The Role of Puberty

In all reports of T2DM in childhood, the mean age at
diagnosis is approximately 13.5 years, corresponding
to the time of peak adolescent growth and development
(7,9,10,13,14,16). Puberty is associated with relative insu-
lin resistance, reflected in a two- to threefold increase in
the peak insulin response to oral or intravenous glucose
(61); insulin-mediated glucose disposal is approximately
30% lower in adolescents than in prepubertal children or
young adults (62). The physiologic insulin resistance of
puberty is of no consequence in the presence of adequate

beta-cell function. The cause of this physiologic resist-
ance is likely the transitory increased activity of the
growth hormone–insulin growth factor axis, which
coincides with the physiologic insulin resistance of
adolescence (1).

The Role of Obesity

The insulin resistance associated with obesity is the
fundamental problem in T2DM in children and
adolescents, as it is in adults. Total obesity is not as
important as location of adipose tissue in causing
insulin resistance (62). Visceral fat is more metaboli-
cally active than subcutaneous fat and produces
adipokines that cause insulin resistance, thus predis-
posing to T2DM. The importance of location of
excess adipose tissue in insulin resistance was vali-
dated by the finding that removal of subcutaneous
adipose tissue with liposuction did not significantly
alter levels of adipokines, insulin sensitivity, or other
risk factors for coronary heart disease (BP, lipids)
(63). That obese children have hyperinsulinism has
been known for over 30 years (64,65). Obese children
have approximately 40% lower insulin-stimulated
glucose metabolism compared with the nonobese
(62). African-American 5- to 10-year-olds, especially
the girls, have reduced insulin sensitivity, and this
correlates with increases in BP, triglycerides, subcuta-
neous fat, percentage of total body fat, and stage of
sexual maturation (66). The amount of visceral fat in
obese adolescents correlates directly with basal and
glucose-stimulated insulin levels and inversely with
insulin sensitivity (67). Insulin-stimulated glucose
metabolism decreases while fasting insulinemia
increases with increasing BMI (62).

The Role of Race, Gender, and Family History

There is a racial difference in the insulin responses to
various stimuli that parallels the ethnic/racial differ-
ential in T2DM frequency. Greater insulin responses
to oral glucose are seen in African-American children
and adolescents than in European-American
children after adjustments are made for weight, age,
ponderal (obesity) index, and pubertal stage. This is
indicative of compensated insulin resistance in the
African-American youngsters (66,68,69). Both prepu-
bertal and pubertal African-American children have
higher fasting and stimulated insulin concentrations
during glucose clamp studies than do European-
American youngsters (70). Lipolysis is also signifi-
cantly less in African-American children than in
European-American children, suggesting an energy
conservation phenotype that would have survival
value in times of famine, but be detrimental with
excess nutrition (thrifty genotype) (71).

A non-interventional cohort study showed that
girls are more insulin resistant than boys as early as
five years of age (72). The study also found that girls
carry 26% more subcutaneous fat than boys, which
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may contribute to the development of insulin resist-
ance in the female population. Therefore, sex-linked
genes may contribute to the development of T2DM
and the insulin resistance/metabolic syndrome in
the current food-rich environment.

Prepubertal children who have a family history
of T2DM have lower insulin-stimulated glucose dis-
posal and non-oxidative glucose disposal than do
those without such a family history, indicating that
family history of T2DM is a risk factor for insulin
resistance in children, as it is in adults (73).

Genetic Considerations

The evidence that T2DM is a genetic disease
includes: the family clustering and segregation
analyses that indicate that siblings of affected indivi-
duals have 3.5 times the general population risk of
developing T2DM; studies of monozygotic twins that
indicate a concordance of 80% to 100%, greater than
twice the concordance for T1DM in dizygotic twins
and in monozygotic twins; and the previously noted
variations in insulin sensitivity and frequency
of T2DM by ethnicity (74). With rare exception,
T2DM in children and adolescents, as in adults, is
polygenic.

The strategies for identification of T2DM suscep-
tibility genes involve studying a candidate gene or
scanning the human genome. With the candidate gene
approach, there is a problem identifying or choosing
an appropriate candidate, or the candidate may be
unknown at the time of the study, as was the case with
the MODY genes. With the genome scan approach,
the entire genome is examined for linkages within
families or associations within populations. In these
analyses, micro-satellites are particularly useful and
micro-assays of mRNA are able to identify gene pat-
terns which are over- or underexpressed in specific
disease states. Figure 2 illustrates possible candidate
genes in the beta cell–target cell interaction.

Over 20 loci have been linked to or associated
with T2DM in adults, the most important being non-
insulin dependent diabetes mellitus Type 1 (NIDDM1),
described among Mexican-American siblings in
Starr County Texas (75). This county, which is 97%
Mexican-American, has the highest disease-specific
diabetes mortality in Texas. The gene pool is 31%
Native American. Four hundred seventy-four autoso-
mal markers and 16 X-linked markers were
examined in 170 affected siblings involving 300 affec-
ted siblings and 78 unaffected siblings. Identified as
linked to T2DM was the NIDDM1 site on chromosome

Figure 2 Beta-cell candidate genes in T2DM mellitus. Candidate genes include: GLUT2, which is responsible for the facilitative uptake of glucose by beta cells;

GCK, which is the beta-cell glucose sensor; mitochondrial genes that provide power to the beta-cell (an increased ratio of ATP to ADPþ Pi [(ATP)]/[(ADP)þ (Pi)]); the

ATP-sensitive potassium (K0) channel (the SUR); GLP-1R that responds to GLP from the gastrointestinal tract; insulin; PCII (an example of an insulin-processing

protein); and amylin, which is co-secreted with insulin. At the target cell (muscle, fat, or liver), candidate genes include: the insulin receptor; intracellular proteins

that are phosphorylated (IRS1); GLUT1; hexokinase II, which catalyzes the conversion of glucose to glucose-6-phosphate; GYS, which regulates glycogen production;

and the regulatory subunit of PHOSP that regulates glycogen breakdown. GLUT4 is also a candidate gene, but GLUT4 is expressed only in muscle and fat tissues and

is not expressed in the liver. Abbreviations: T2DM, Type 2 diabetes mellitus; GLUT2, glucose transporter 2; GCK, glucokinase; SUR, sulfonylurea receptor; GLP-1R,

beta-cell glucagon-like peptide-1 receptor; PCII, prohormone convertase II; IRS1, insulin receptor substrate-1; GYS, glycogen synthase; PHOSP, phosphorylase; ATP,

adenosine triphosphate; ADP, adenosine diphosphate; �RAS-associated diabetes gene. Source: From Ref. 81.
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2, accounting for approximately 30% of family cluster-
ing, equal in importance, therefore, to the linkage with
human leukocyte antigen in T1DM (76). This linkage
was not identified in other populations, including
non-Hispanic Caucasian, Japanese, French, Sardinian,
and Finnish (74). The Calpain gene in the NIDDM1
region of chromosome 2 was subsequently found to
be associated with T2DM in several of these popula-
tions, linked to different loci (77).

Calpains are calcium-activated neutral proteases
that are ubiquitously expressed from fetal life through
adulthood, functioning in signaling, proliferation,
differentiation, and insulin-induced downregulation
of IRS-1. Multiple polymorphisms of the gene encod-
ing Calpain-10, encoded by the CAPN10 gene within
the NIDDM1 region, have been found to be associated
with T2DM. The highest risk combination of
polymorphisms gives odds ratios of 2.8 to 3.6 in
Mexican-Americans, 2.6 in Finns, and 5.0 in
Germans (77). Non-diabetic Pima Indians who are
homozygous for a common polymorphism of
CAPN10 have reduced insulin-mediated glucose
turnover as the result of decreased glucose oxidation

rates (78). Figure 3 summarizes the factors that have
been discussed in the consideration of the develop-
ment of T2DM.

CLINICAL PICTURE

The most striking difference between T1DM and
T2DM is that in T2DM, hyperglycemia/diabetes is
one of many manifestations of the IRS (a.k.a. the
diabesity syndrome, syndrome X, or the metabolic
syndrome), whereas T1DM is a disorder of insulin
deficiency and is not usually associated with the
comorbidities seen with insulin resistance early in
the course of the disease (Fig. 4).

Distinguishing T1DM from T2DM at diagnosis
is occasionally problematic (Vol. 1; Chap. 3). Most
pediatric endocrinologists report that of the patients
identified as having T2DM, 100% will have a BMI
greater than 85% and 90% to 95% will have acantho-
sis nigricans (AN), a cutaneous manifestation of
insulin resistance characterized by velvety, hyperpig-
mented skin, most often in intertriginous areas (79).
However, with the epidemic of obesity in the United
States, up to 24% of children with T1DM will be over-
weight at diagnosis, and non-Caucasian obese
patients will often have AN. In contrast to T1DM,
however, at presentation of T2DM, most children
will have glycosuria, with mild or absent polyuria
and polydipsia, and little to no recent weight loss.
Although diabetic ketoacidosis (DKA) is not as com-
mon at presentation of T2DM as with T1DM, severe
insulinopenia due to beta-cell dysfunction from glu-
cose toxicity can result in DKA in patients with
T2DM. The hyperglycemic hyperosmolar state
(HHS) is a serious acute presentation that is almost
exclusive to T2DM (80). While a family history of
T2DM may be helpful in distinguishing T1DM from
T2DM, as 74% to 100% of children with T2DM have a
first- or second-degree relative with T2DM, T2DM is
sufficiently frequent in the population, especially
among ethnic minorities, that such a history will be
frequently obtained among those with T1DM (81).
Occasionally, diagnosis will only be clarified by
observing the clinical course of the patient and may
be helped by testing for the presence of diabetes-spe-
cific autoantibodies to islet cells (ICA), glutamic acid
decarboxylase autoantibodies (GADA), insulin auto-
antibodies (IAA), and tyrosine dehydrogenase
(IA-2). Diabetes-specific autoimmunity has been
described with typical T2DM, however, was initially
referred to as latent autoimmune diabetes of adults
(LADA) (82,83). In the UK Prospective Diabetes
Study, LADA was age-related, with 21% of T2DM
patients 25 to 34 years old being ICA-positive, 34%
GADA-positive, and 20% positive for both anti-
bodies, decreasing to 4%, 7%, and 2%, respectively,
in those 55 to 65 years of age. Antibody positivity
was associated with significantly less overweight,
higher HbA1c concentrations, and more rapid
deterioration of beta-cell function (82). Among 764

Figure 3 Factors implicated in the development of T2DM. Abbreviation:

T2DM, Type 2 diabetes mellitus.

Figure 4 Comorbidities of insulin resistance. Comorbidities are often

seen at the time of diagnosis in patients with T2DM. Abbreviation: T2DM,

Type 2 diabetes mellitus. Source: Adapted from Ref. 1.
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Swedish patients aged 15 to 34 years with newly
diagnosed diabetes, 76% were classified as T1DM,
14% as T2DM, and the rest unclassified. Forty-seven
percent of T2DM patients and 59% of unclassified
patients were positive for one or more diabetes-spe-
cific antibodies, with the antibody-positive T2DM
or unclassified patients being significantly lighter,
with lower C-peptide concentrations, than the anti-
body-negative patients (83). Two studies in children
with T2DM have paralleled some, but not all of the
findings in adults with T2DM. Among 48 children,
8% were positive for the ICA512 fragment, 30% were
GADA-positive, and 35% IAA-positive; unlike in
adults, there was no correlation between antibody
positivity and degree of obesity (84). In a group of
37 African-American children and adolescents,
10.8% were positive for GADA, IA-2, or both, with
no difference in treatment requirements (oral agent
vs. insulin) related to the presence or absence of anti-
bodies (85). Measurement of C-peptide levels to
distinguish T1DM from T2DM may not be helpful
because C-peptide levels may be low in children
with T2DM at diagnosis due to the glucose toxicity
to the beta cells, and in T1DM they may be adequate
during the early recovery (honeymoon) phase.

Manifestations of the IRS include hypertension,
endothelial dysfunction, atherosclerosis, dyslipidemia,
a prothrombotic environment, impaired glucose toler-
ance, AN, hyperuricemia, polycystic ovary disease, and
obesity, the core abnormality (Vol. 1; Chap. 11) (86). IRS
increases the risk for development of cardiovascular
disease. Individuals who have the components of
IRS in youth track them into adulthood. The preva-
lence of IRS is 4% of all adolescents and 30% of
overweight adolescents in the United States. The fact
that IRS is being identified in younger individuals
indicates that the development of cardiovascular dis-
ease will also occur earlier in adulthood.

Obesity itself has deleterious associations in
childhood and adolescence that increase morbidity
and contribute to cardiovascular risk. This increased
risk of childhood obesity has been documented to be
the result of the tracking of this obesity into adulthood,
rather than specific effects during childhood (87,88).
However, the clustering of risk factors (dyslipidemia,
abdominal obesity, hypertension) in childhood causes
adverse cardiovascular system changes beginning in
childhood, which are predictive of adult-onset cardio-
vascular disease (89,90). Childhood obesity has been
associated with elevated C-reactive protein and white
blood cell counts, inflammatory indicators that have
been implicated in adult cardiovascular disease (91),
proteinuria and focal segmental glomerular sclerosis
(92), obstructive sleep apnea and other respiratory
problems (93), hepatic steatosis (94), and orthopedic
problems (95) (Vol. 1; Chap. 1).

In adults, T2DM is strongly associated with
increased risk factors for macrovascular disease.
These risk factors include dyslipidemia, hypertension,
oxidative stress, glycation of numerous vascular pro-

teins, endothelial dysfunction, and abnormalities of
platelet function and coagulation [increased fibrino-
gen, increased plasminogen activator inhibitor-1,
decreased antithrombin III and other anticoagulant
proteins, elevated factors VII and VIII, elevated
vascular adhesion molecule 1, increased platelet
adhesiveness and aggregation, decreased platelet
nitric oxide (NO) production (NO mediates vasodila-
tation), decreased platelet prostacyclin production,
and glycation of platelet proteins] (96).

Dyslipidemia

Lipoprotein abnormalities noted in T2DM are associa-
ted with increased cardiovascular disease and include
hypertriglyceridemia, elevated very low-density lipo-
protein, elevated LDL cholesterol, elevated lipoprotein
(a), decreased HDL cholesterol, increased small dense
LDL particles, decreased lipoprotein lipase activity,
increased lipoprotein glycation, and increased lipo-
protein oxidation (97).

This dyslipidemia reflects the reduction of insu-
lin effect in adipose tissue, which is to store
triglyceride and suppress hormone-sensitive lipase,
the enzyme that breaks down triglycerides to release
free fatty acids. Insulin also provides glucose to the
fat cells for forming glycerol, the triglyceride back-
bone. With insulin resistance, there is abnormal
breakdown of triglyceride and release of free fatty
acids and glycerol, the latter contributing to gluconeo-
genesis. The free fatty acids cause insulin resistance in
muscle tissue and, in the liver they are reconverted to
triglyceride, driving the production of LDL, which is
the lipoprotein carrier of triglycerides, and the other
dyslipidemic changes follow. The reduction of insulin
effect on lipoprotein lipase contributes to the elevated
LDL levels. The hyperinsulinemia of the insulin resist-
ance state further drives the synthesis of fatty acids
from glucose in the liver (98).

Hypertension

Hypertension is estimated to account for 35% to 75%
of diabetes complications involving both the micro-
vasculature and the macrovasculature (99). Diabetes
or impaired glucose tolerance doubles the risk of
developing hypertension (100). There is emerging evi-
dence of a genetic predisposition to hypertension and
T2DM that is related to angiotensin-converting
enzyme genotype (101). The hypertension in T2DM
is multifactorial, due to volume expansion and
increased vascular resistance, with reduced NO-
mediated vasodilatation and increased activity of the
renin–angiotensin system (96).

Endothelial Dysfunction

Endothelial dysfunction develops in the milieu of car-
diovascular risk factors such as obesity, hypertension,
dyslipidemia, insulin resistance, and T2DM. Endo-
thelial dysfunction is one of the earliest signs of
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increased risk for cardiovascular disease, and has
been shown to be predictive of cardiovascular events
(102). Endothelial dysfunction is present in obese chil-
dren, and is related to the amount of obesity as well as
to the degree of insulin resistance (103).

Dysfunctional endothelium is associated with
increased levels of cytokines and cellular adhesion
molecules. The cytokines and cellular adhesion mole-
cules mediate the recruitment of leukocytes, which
then accumulate in the intima of the vessel wall, initiat-
ing atherosclerotic plaques (102). Activation of the
endothelium leads to a proinflammatory, procoagulant,
proadhesive surface. Additionally, the dysfunctional
endothelium has reduced NO availability. NO-depen-
dent processes, such as inhibition of platelet
aggregation and coagulation and activation of fibrinoly-
sis, are therefore decreased in the setting of endothelial
dysfunction. Thus, the unopposed action of atherogenic
factors that occurs as a result of endothelial dysfunction
promotes atherogenesis and thrombosis (103).

Several cytokines produced by adipose tissue
(adipokines) have been shown to be associated with
endothelial dysfunction, including tumor necrosis
factor alpha, interleukin-6, plasminogen activator
inhibitor-1, leptin, and resistin (104). All of these adipo-
kines are pro-inflammatory, and have been shown in
in-vitro models to have activating effects on the endo-
thelium and to contribute to the induction of
thrombosis. On the other hand, the adipokine adiponec-
tin, which is underexpressed in individuals with obesity
or T2DM, decreases endothelial inflammation, inhibits
vascular smooth muscle proliferation, and suppresses
macrophage-to-foam cell transformation (105). Levels
of adiponectin correlate inversely with other markers
of inflammation, and low levels have been found to be
associated with increased cardiovascular risk.

Acanthosis Nigricans

AN, an indicator of insulin resistance, is prominent in
genetic IRS that are not associated with obesity. The
frequency of AN in obese adolescents varies greatly
by ethnicity, approximately 90% in Native Americans,
approximately 50% in African-Americans, approxi-
mately 15% in Hispanic-Americans, and less than
5% in non-Hispanic Caucasians. As an indicator of
hyperinsulinism, AN also varies by ethnicity inver-
sely to its frequency of association with obesity (106).
In a study of 139 overweight 6- to 10-year-olds, AN
was present in 50% of African-Americans and 8.2%
of whites. Half of those with fasting hyperinsulinemia
did not have AN and AN was not considered a
reliable marker for hyperinsulinemia in overweight
children, despite its presence in a child with diabetes
being an indicator of T2DM (107).

PREVENTION AND TREATMENT

The concept of prevention of T2DM arises naturally
from the appreciation of its environmental causation.

Primary prevention would involve intervention to
prevent the development of obesity or to correct obes-
ity before the development of other features of IRS.
Prevention of obesity is a societal challenge. The
importance of primary prevention of obesity lies in
the recognition that preclinical impairment of glucose
tolerance as the result of obesity-induced insulin
resistance conveys cardiovascular risk and that a sub-
stantial number of severely obese adolescents have
impaired glucose tolerance (4).

From the individual physician standpoint, the
major question is, ‘‘Who should be tested?’’ (1). Con-
siderations of testing for T2DM in children began
with the assumption that this will be done in obese
individuals, making the determination of obesity the
screening test. The testing for hyperglycemia then
becomes a case finding exercise (108). The justifica-
tions for case finding include:

1. That the condition tested for is sufficiently common to
provide a reasonable yield.

2. That the condition is serious in terms of morbidity and
mortality.

3. That the condition has a prolonged latency without
symptoms during which abnormality can be detected.

4. That a test is available which is sensitive, that is with
few false negatives, and accurate with acceptable speci-
ficity, that is with a minimum number of false positives.

5. That an intervention is available which can prevent or
delay disease onset or more effectively treat the con-
dition if it is detected in the latency phase.

The first three conditions are unquestionably
met by T2DM in children. The fourth criterion is
met by plasma glucose measurement, with sensitivity
and specificity dependent upon the circumstances of
measurement. The last criterion, however, is
extremely challenging, as will be discussed below.
A consensus panel of the American Diabetes Associ-
ation (1) answered the question posed above with
the following recommendations:

Overweight defined as BMI greater than 85th
percentile for age and sex, weight for height > 85th
percentile, or weight > 120% of ideal for height, plus
any two of the following risk factors:

& Family history of Type 2 diabetes in first- or second-
degree relative

& Race/ethnicity (American-Indian, African-American,
Hispanic, Asian/Pacific Islander)

& Signs of insulin resistance or conditions associated with
insulin resistance (AN, hypertension, dyslipidemia,
PCOS)

Age of initiation: age 10 or at onset of puberty, if
puberty occurs at a younger age

Frequency: every two years
Test: Fasting plasma glucose preferred
These criteria were not databased, which is why

the consensus panel provided a disclaimer that they
should not replace individual clinical judgment. One
might also take issue with the preference for the lower
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cost and more convenient fasting plasma glucose,
because two-hour postprandial plasma glucose
increases earlier in the course of the development of
T2DM, making it a more sensitive measure. Fasting
hyperglycemia occurs later, and therefore is highly spe-
cific but relatively insensitive as a diagnostic test.
However, higher fasting blood-glucose levels in the
normoglycemic range [i.e. > 87 mg/dL (4.83 mmol/L)]
have been shown to be a risk factor for T2DM in 26-
to 45-year-old men (109). Random plasma glucose
concentration can be measured in those with food
intake shortly before testing, with a glucose concen-
tration equal to 7.8 mmol/L or greater (140 mg/dL)
serving as an indication for further testing.

Prevention of T2DM

Justification for primary prevention efforts in child-
hood has been the subject of wide publicity for the
past several years, with recognition that obesity is
associated with the rapid increase in incidence of
T2DM in children (110–114). Obesity is associated
with diminished school performance due to sleep
apnea, torpor associated with physical inactivity,
depression, and social stigmatization. Secondary pre-
vention of obesity is rarely successful beyond the
short-term and intervention in adult populations indi-
cates enormous difficulty altering lifestyle and dietary
habits.

The challenge for the pediatrician and for society
is to counter eating and entertainment trends to
provide popular social outlets that are highly attract-
ive, heavily promoted, and readily available.
Financially stressed school systems often sabotage
community efforts by providing fast food concessions
and vending machines containing soft drinks and
high calorie snacks in exchange for financial support
from the vendors. Food service in middle and high
schools typically includes high fat, high calorie foods
such as pizza and French fries. There are inadequate
opportunities for non-competitive sports, such as
aerobics and dance, permitting participation of all
youngsters, and there has been a sharp reduction in
compulsory physical education programs. For some
minority youngsters, there is the additional problem
of a lack of safe environments in which to be physi-
cally active, and lack of funding for after-school
programs. Finally, school curricula have not effec-
tively incorporated healthy lifestyle training.

A number of school-based and community-
based programs have been developed targeting
high-risk populations (14,113–118). School-based pro-
grams attempt modification of the food provided in
school meals, incorporate healthy lifestyle training
into classroom education, and create a school environ-
ment that promotes physical activity. Preschool and
kindergarten through sixth-grade programs encour-
age family involvement, while high school-based
programs focus on social networks and peer pressure
in an effort to promote behavior change and reduce

risk factors. Short-term behavioral change has
occurred with these programs, but long-term studies
are needed to determine whether these changes per-
sist and reduce the risk for Type 2 diabetes. A large
NIH-funded longitudinal, multicenter randomized
trial (STOPPT2DM) designed to assess the efficacy
of a school-based intervention on obesity and T2DM
prevention is currently underway.

Before the contemporary epidemic of T2DM, we
had noted the occasional obese African-American
teenager attending our diabetes adventure camp pro-
gram and rapidly becoming normoglycemic with
vigorous exercise, permitting withdrawal of insulin.
This phenomenon has been documented in one week
summer camp programs for North American Indian
youth with T2DM, who are able to achieve normogly-
cemia after five days of increased physical activity.
Unfortunately, the behaviors of camp are not main-
tained, with most of the youngsters reverting to
poor glycemic control at home (116,119). Programs
are in place that emphasize nutrition and exercise in
schools, including those on Indian reservations
throughout the United States, but their effectiveness
has yet to be documented (118,120).

The cornerstone of prevention of T2DM is life-
style modification. Both decreases in caloric intake
and increased exercise are vital aspects of lifestyle
modification for weight loss and prevention of
T2DM. The benefits of exercise include improving
the metabolic profile by improving insulin sensitivity,
improving cardiovascular fitness, even without
weight loss, and maintenance of weight loss
(119,121). Several studies have shown improvements
in endothelial function and inflammatory markers
with exercise for just 30 minutes per day (122). Japa-
nese researchers showed a halving of cardiovascular
risk from just one hour of exercise per week (123).
The Centers for Disease Control and Prevention
recommends 30 minutes of moderate-intensity exer-
cise seven days per week for every person in the
United States (124). For those individuals attempting
to achieve weight loss, the Institute of Medicine
recommends 60 minutes of moderate-intensity exer-
cise seven days per week (119). To achieve these
recommendations, barriers to exercise, such as lack
of motivation, lack of time, and lack of support, must
be overcome (125).

The health-care system is increasing its appreci-
ation of the magnitude of the problem of obesity/
T2DM problem and all who have contact with at-risk
families need to emphasize the importance of early
identification and intervention. Parent training by
pediatricians, WIC nurses, and other health personnel
should continue to promote prolonged breast feeding,
which in addition to its many other benefits, reduces
the risk of obesity in childhood (52,53). Parents also
need to know that a fat baby is not a more healthy
baby and that food should not be used as rewards
(126). Because children with normal weight parents
have a much lower risk of overweight (< 7% vs. 40%

Chapter 9: Type 2 Diabetes in the Child and Adolescent 177



with one overweight parent and 80% with two over-
weight parents) lifestyle modification is important
for the whole family and, of course, will not work
for any one member by himself or herself (127). Phy-
sical activity must also be a family investment, with
habits such as using stairs instead of elevators or esca-
lators, walking or bicycling to school and to shop, and
engaging in physically demanding chores, such as
yardwork. The most effective single thing that can
be done to increase children’s physical activity is to
turn off the television set and remove TVs from
children’s bedrooms (128). It is also important that
meals be taken on schedule, in one place, with no
other activity going on.

Studies in adults have shown improved glucose
tolerance or reduction in the rate of development of
T2DM for up to several years as a result of lifestyle
interventions, including individualized counseling
for weight reduction, reduced total and saturated fat
intake, increased fiber intake, and exercise (129–131).
Among the most sustained efforts was a 13-year pro-
ject involving six communities, The Minnesota Heart
Health Program. The project included adult education
classes for weight control, exercise promotion, and
cholesterol reduction, a worksite weight control pro-
gram, a home correspondence course for weight
loss, and a weight gain prevention program. Despite
this intensive effort, there was a strong upward trend
in weight, even when all potentially confounding
variables were considered (132). Intervention with
children, particularly preadolescents, should be more
effective. In one study of family-based intervention
involving 113 families, it was demonstrated that chil-
dren had greater relative weight loss and better
maintenance than the adults, with one-third of chil-
dren remaining non-obese after 10 years (133). In
another study of 24 families, including children 8 to
12 years old, two-thirds of the families completed
the 10- to 12-session behavioral modification treat-
ment program; those children who completed it lost
weight. Weight loss was not maintained during 4 to
13 months of follow up, however (127). Even modest
successes in the reported studies have to be inter-
preted with caution, because these are selected
study populations, the numbers are small, and there
is only short-term follow-up.

Diabetes prevention programs have to be
designed with an understanding of the health beliefs
and behaviors of the community. For example, one
survey of American Indian youth with family mem-
bers having diabetes did not relate the complications
of retinopathy or amputation to the diabetes. Over
half of the youth thought that diabetes was caused
by bad blood, and greater than one-third attributed
it to general weakness (134).

Unfortunately, less than 5% of people who
attempt diet and exercise modifications to lose weight
actually lose a significant amount of weight and main-
tain that weight loss for a long period of time, while
greater than 90% regain their weight within one year

(135). Therefore, many patients and physicians seek
pharmacologic intervention to achieve weight loss
and prevent the onset of T2DM. Orlistat is currently
approved for the reduction of body weight in chil-
dren, but is associated with flatulence and fecal
soilage, making it an unpopular choice (136). Those
medications that have been effective in adults do not
result in maintenance of weight loss when the drugs
are stopped. Metformin has been studied in 29 black
and white adolescents aged 12 to 19 years with BMI
greater than 30 kg/m2, a family history of T2DM, ele-
vated fasting insulin concentrations (>15mU/mL), a
family history of Type 2 diabetes, and normal fasting
glucose and HbA1c levels (137). Subjects were rando-
mized to receive metformin 500 mg twice daily or
placebo for six months. Controls had an increase in
BMI of 0.23 SD and metformin-treated subjects a
decrease of 0.12 SD, a significant difference. There
was also a significant decrease in fasting glucose con-
centrations and insulin levels in metformin-treated
youngsters versus controls. Transient abdominal dis-
comfort or diarrhea occurred in 40% of those taking
metformin (137). This study, too, suffers from small
numbers, short follow-up, and a select study popu-
lation. In adults, lifestyle intervention was more
effective than metformin in preventing progression
from impaired glucose tolerance to T2DM (131).

The two most popular available medications for
adults that promote weight loss are orlistat, an intesti-
nal lipase inhibitor, and sibutramine, a central appetite
regulator. Both of these medications result in a 5% to
10% loss of weight, with a concomitant decrease in
insulin resistance and other cardiovascular risk factors
(138). However, long-term studies have not yet been
done evaluating the effects of these medications on
mortality and cardiovascular morbidity.

Other potential pharmacologic therapies for
obesity include topiramate, peptide YY3-36 (PYY),
magnesium, and rimonabant (139). Topiramate is an
anticonvulsant, which induces weight loss. While
the effects of topiramate on weight loss are promising,
the central nervous system-related side effect profile,
which includes memory difficulty, concentration
difficulty, and depression, precludes its use in children
(140). PYY is a gut-derived peptide, which modulates
appetite circuits in the hypothalamus. PYY concentra-
tions are low in obese individuals, and the
administration of this hormone reduces food intake in
humans (141). Rimonabant is an endocannabinoid
inhibitor, which has been shown to decrease appetite
and weight in obese and overweight adults. One study
showed that 39% of individuals treated with this medi-
cation lost 10% of their body weight at one year and
32% of those individuals were able to maintain their
weight loss for two years (142). Pharmacologic manipu-
lation of other gut-derived hormones and peptides
related to hunger and satiety is being investigated.
Magnesium deficiency has been associated with insulin
resistance and increased risk for T2DM (143). Therefore,
magnesium supplementation may be a potential tool in
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preventing the development of T2DM in obese children
who are magnesium deficient.

Surgery is the last option for patients who have
significant obesity-related morbidities and have failed
lifestyle modification and medication. Bariatric
surgery is being done for adolescents with obesity-
related comorbidities in several centers (144). Gastric
bypass, the traditional surgical procedure for weight
loss, can have significant complications including
nutrient malabsorption and even death. Newer tech-
niques, which appear to be safer, include gastric
banding and vagal nerve stimulators. However, the
long-term safety and efficacy of these procedures
have not been evaluated and the risks of doing the
procedure must be weighed against the risks of not
having the procedure done, thereby having to deal
with the risks of obesity related comorbidities.

Treatment of T2DM

The treatment challenges of T2DM in children and ado-
lescents differ greatly from those of T1DM, due largely
to the nature of the disease and those most likely affec-
ted. While T1DM is distributed throughout the
population, T2DM disproportionately affects families
with fewer resources, paralleling the distribution of
obesity in the population. Whereas T1DM occurs
throughout childhood, predominantly during the time
when parental influence predominates, T2DM affects
mostly those in adolescence or beyond, when peer influ-
ence is most important. There is also a large difference
in family experience, with only approximately 5% of
families with a child with T1DM having affected family
members, while 90% or more of youth with T2DM have
family experience. These family members have typically
failed to control their weight and glycemia, developing
complications and creating an aura of despair and
futility. Treatment priorities are also different between
T1DM and T2DM. Extensive lifestyle modification,
beyond insulin administration and glucose monitoring,
is only required by those patients with T1DM who are
overweight and inactive; however, the emphasis is on
lifestyle modification in all those with T2DM and sec-
ondarily on glucose monitoring and hypoglycemic
medication. Finally, technologic innovation has revolu-
tionized management of T1DM with improved insulin
purity and delivery, self-blood-glucose-monitoring,
and the development of insulin analogues, with an arti-
ficial pancreas on the horizon along with the possibility
of islet cell replacement. Technological developments
have, however, been the underlying cause of the prob-
lem of T2DM, with advances in home entertainment
systems, laborsaving devices, and transportation, and
food preparation making calorically dense food increas-
ingly available, desirable, and inexpensive.

Treatment Goals

The goals of treatment are to promote weight loss,
normalize glycemia and HbA1c, control or prevent

hypertension and hyperlipidemia, increase exercise
capability, and reduce AN. Treatment is more impor-
tant than might be indicated by the level of
glycemia in some patients, because of the multitude
of cardiovascular risk factors associated with insulin
resistance. Just as in adults with newly diagnosed
T2DM, young patients may already have evidence
of complications reflecting a prolonged period of
impaired glucose tolerance. Among 100 Pima Indian
children and adolescents with T2DM, 7% had high
cholesterol (�200 mg/dL), 18% had hypertension
(BP �140/90, now considered far too high a cut off),
and 22% had micro-albuminuria (albumin/creatinine
� 30) at the time of diagnosis. Ten years later, while
still in their 20s, they had mean HbA1c of 12% indica-
tive of poor control, 60% had micro-albuminuria and
17% macro-albuminuria (albumin/creatinine � 300)
(145). Japanese investigators have described a high
risk of renal failure in those who developed T2DM
under 30 years of age (146).

It is likely that reduction in the risk of complica-
tions may require more stringent glycemic control in
the insulin resistance state of T2DM than is required
in T1DM, with diligent attention to comorbidities. In
the U.K. Prospective Diabetes Study there was a
25% decrease in the risk of microvascular complica-
tions when the average HbA1c decreased from 7.9%
to 7.0% (147). Reduction in BP to below 144/82
resulted in a more dramatic decrease of 37% in the
risk for microvascular disease, 44% decrease in stroke
occurrence, and 36% decrease in heart failure (148).

Changing Behavior

The behavioral changes and motivation required are so
extensive that the treatment team requires a psychol-
ogist or social worker. One of the simplest changes to
make is to eliminate the frequent consumption of
sugar-containing drinks, including high caloric soft
drinks, sweetened tea, and juices, and substituting
water, diet soft drinks, and artificial sweeteners for
tea or Kool-Aid1 (149). Consumption of sugar-sweet-
ened beverages is strongly associated with an
increased risk of childhood obesity and T2DM (150).
Daily exercise should be documented in an attempt
to break the vicious cycle of increased weight produc-
ing increased torpor, resulting in decreased activity
and increased weight. As noted above, the most effec-
tive single method for doing this is turning off the TV.
A relatively small reduction in weight, accomplished
by an increase in activity, can restore euglycemia and
decrease hyperinsulinemia, as in the camp experience.

The effectiveness of diet as a means of control-
ling T2DM in children was demonstrated in a short-
term study of the use of a very low calorie ketogenic
diet during which insulin or metformin treatment
could be stopped with maintenance of normal blood-
glucose concentrations (151).

The stages of behavioral change are outlined
below (152):
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Hypoglycemic Agents

Pharmacologic therapy either decreases insulin resist-
ance, increases insulin secretion, slows postprandial
glucose absorption, or, in the case of insulin injection,
supplements inadequate secretion of insulin (Table 1).

Biguanides

The biguanides act on insulin receptors in the liver,
reducing hepatic glucose production and in muscle
and fat tissue enhancing insulin-stimulated glucose
uptake. They have an anorexic effect, which can pro-
mote weight loss, and as noted above, metformin
has been used for this purpose. It has also been used
to reduce acanthosis and ovarian hyperandrogenism.
Long-term use is associated with a 1% to 2% reduction
in HbA1c, but a high rate of side effects, including
transient abdominal pain, diarrhea, and nausea, limits
compliance in adolescents (153). Metformin must not
be given to patients with renal impairment, or who
have hepatic disease, cardiac or respiratory insuf-
ficiency, or who are undergoing radiographic
contrast studies because of the risk of lactic acidosis.

Metformin is the only oral hypoglycemic agent
currently approved for use in children. FDA approval
was based on a study of 80 previously untreated
patients (aged 8–16 years) who were randomized to
receive metformin or placebo in a multicenter study.
Dosage began with 500 mg twice daily and increased
to 2000 mg/day for over two weeks. Rescue criteria
resulted in few placebo cases remaining by 16 weeks
of the study. At four months or longer, the mean
fasting glucose change from baseline was a decrease
of 44 mg/dL with metformin and an increase of

20 mg/dL with placebo. The adjusted mean HbA1c
with metformin was 7.5% and with placebo 8.6%.
With metformin, there was no weight gain, and mod-
est decrease in some patients, and lipid profiles
improved. No serious adverse events were recorded
(154). Review of 29 trials done using metformin
compared with placebo, insulin, or other hypoglyce-
mic agents in adults with T2DM showed that
metformin not only normalizes blood sugars but also
decreases cholesterol levels and lessens hypertension.
Metformin may cause gastrointestinal upset, thus

Table 1 Hypoglycemic Agents

Drug type Dosages (mg) Action Effect on BG Risk of low BG

Weight

increase

Lipid

decrease

Biguanides [metformin,

(Glucophage, Glucophage

XR)]

500–2000 # Hepatic glucose output þþ 0 0 þ

" Hepatic insulin sensitivity

Sulfonylureas [glipizide

(Glucotrol, Glucotrol XL),

glyburide (Micronase),

Glimepiride (Amaryl)]

2.5–40 " Insulin secretion and

sensitivity

þþ þ þ 0

2.5–20

1.25–2

1–8

Meglitinide [repaglinide

(Prandin)]

0.5–2 Short-term " insulin secretion þþ þ þ 0

Glucosidase inhibitors

[acarbose (Precose),

Miglitol (Glyset)]

25–100 Slow hydrolysis and

absorption of complex CHO

þ 0 0 þ

Thiazolidinediones:

[rosiglitazone (Avandia)]

4–8 " Insulin sensitivity in muscle

and fat tissue

þþ 0 þ/� þ

Thiazolidinediones:

[pioglitazone (Actos)]

Insulin

15–45 # Hepatic glucose output

# Hepatic glucose output;
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Figure 5 Binding sites for hypoglycemic agents. Sulfonylureas bind to

specific receptors on the Kþ/ATP channel complex, while meglitinide and

repaglinide bind to a separate site on the complex. Abbreviation: ATP,

adenosine triphosphate.
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decreasing compliance, but the extended-release formu-
lation has less side effects, and tends to be better
tolerated by patients (155). The extended-release formu-
lation of metformin is given as a once-a-day dose
usually in the evening. Dosing is begun at 500 mg/day
and can be increased to a maximum of 2000 mg/day.

When metformin is not being effective, it is impor-
tant to do an in-depth history of medication intake,
including refill history from the pharmacy, which may
demonstrate that the medication is not being taken. It
must also be recognized that metformin may normalize
ovulatory abnormalities in girls with PCOS or ovarian
hyperandrogenism, increasing pregnancy risk.

Sulfonylurea and Meglitinide/Repaglinide

This group of drugs increases insulin secretion and is
thus most useful when there is residual beta-cell
function. The sulfonylureas bind to specific receptors
on the Kþ/adenosine triphosphate (ATP) channel
complex, while megilitinide and repaglinide bind to
a separate site on the complex (Fig. 5). Activating
ATP or binding by these drugs causes Kþ channels
to close, with resultant membrane depolarization,
allowing calcium influx and insulin release. While
ATP binding sites equilibrate rapidly, sulfonylurea
sites do so slowly with prolongation of binding,
explaining the sustained effects of traditional sulfony-
lureas. Meglitinide has an intermediate equilibration
and binding duration, explaining its use for more
rapid stimulation of insulin secretion, and need for
pre-meal dosing (156). The major adverse effects of
the sulfonylureas have been hypoglycemia, which, as
noted above, can be prolonged, and weight gain, parti-
cularly troublesome for adolescent patients.
Glimepramide, a third-generation sulfonylurea, has
been compared with metformin in a pediatric T2DM
trial, with comparable safety and efficacy (157).

Glucosidase Inhibitors

Alpha glucosidase inhibitors such as acarbose and
miglitol reduce the absorption of carbohydrates in the
upper small intestine by the inhibition of oligosacchar-
ide breakdown, delaying absorption in the lower small
intestine. This results in reduction in postprandial gly-
cemia. Long-term use of glucosidase inhibitors is
associated with a reduction in HbA1c of 0.5% to 1%
(158). Flatulence associated with the use of these agents
makes them unacceptable to young patients.

Thiazolidinediones

These drugs act directly on muscle, adipose tissue,
and liver to increase insulin sensitivity, and are,
therefore, considered specific agents for the manifold
problems of the insulin sensitivity syndrome. They
bind to nuclear proteins, activating peroxisome
proliferator activator receptors (PPAR), orphan ster-
oid receptors, which are particularly abundant in
adipocytes, increasing formation of proteins involved

in the nuclear-based actions of insulin. These include
cell growth, adipose cell differentiation, regulation of
insulin receptor activity, and glucose transport into
cells. Long-term treatment with thiazolidinediones
has been associated with a reduction in HbA1c of
0.5% to 1.3% (159). Side effects have included edema,
weight gain, and anemia. The original member of this
group of drugs, troglitazone, was associated with
liver enzyme elevations in approximately 1% of those
taking the drug, with mortality in some who had
existing liver problems, resulting in its withdrawal
from the market. The newer thiazolidinediones, rosi-
glitazone and pioglitazone, have not been shown to
have significant hepatotoxicity.

The binding of thiazolidinediones to PPARg
receptors is ubiquitous and includes arterial walls,
which contain muscle, affecting the growth of muscle
cells and their migration in response to growth factors
(160). These drugs also improve lipid profiles,
decreasing LDL cholesterol and triglycerides, while
increasing HDL cholesterol. These effects on vascular
muscle and lipids could be important for the
reduction of macrovascular disease associated with
T2DM (161).

Rosiglitazone use in pediatric T2DM was com-
pared with metformin in a 24-week double-blind
study with 195 patients; reduction in HbA1c was compa-
rable in both groups and there were no safety problems
with the rosiglitazone. However, there was weight gain,
as in adults taking thiazolidinediones (162).

Insulin

The development of T2DM is an indicator of limited
beta-cell function, estimated to be approximately
50% by the time of diagnosis in adults, most of whom
will be insulin-requiring by six or seven years later
(163). Despite the insulin resistance, relatively small
doses of supplemental insulin, a few units, may be suf-
ficient to maintain euglycemia. Early normalization of
blood sugars in patients with new-onset T2DM, using
intensive insulin therapy, results in lower HbA1c and
improvement of insulin area under the curve on oral
glucose tolerance testing one year after diagnosis.
Long-acting insulin analogues without peak effects,
such as insulin glargine, may be especially useful for
T2DM in combination with pre-meal meglitinide,
particularly in those individuals who are unwilling
to take metformin. Hypoglycemia has not been as
common a side effect in T2DM as in T1DM, but weight
gain is an important adverse effect. All patients with
T2DM eventually require treatment with insulin
because of ongoing loss of beta-cell function (147).

Incretins

Incretins are gut-derived factors that potentiate insulin
secretion following the oral ingestion of nutrients. In
the mid-1960s it was found that the insulin secretory
response to oral glucose was stronger than the
response to intravenous glucose, and, therefore, it was
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recognized that gut-derived factors contribute to post-
prandial insulin response (‘‘the incretin effect’’) (164).
Glucagon-like peptide 1 (GLP-1) is a product of the glu-
cagon gene and is secreted by the L-cells of the small
and large intestine within 5 to 10 minutes following
meal ingestion. GLP-1 exerts its effects by binding
and activating receptors, which are found on the beta
cells as well as many other tissues. GLP-1 enhances glu-
cose-stimulated insulin release, is able to restore first-
phase insulin release, decreases glucagons secretion,
and slows gastric emptying (165). These effects of
GLP-1 only occur when glucose levels rise above fast-
ing concentrations. GLP-1 has been investigated as a
treatment for obesity because of its effects on decreasing
fluid and food intake. Additionally, GLP-1 has been
shown in rodents to delay or prevent the loss of beta-
cell mass, making it an important treatment consider-
ation for the progressive disease of T2DM (166).

The two most well-studied incretins are GLP-1
and glucose-dependent insulinotropic polypeptide
(also known as gastric inhibitory polypeptide).
A GLP-1 mimetic (Exenatide; Byetta2) is being used

for the treatment of T2DM in adults (167). It is given
as a twice daily injection. Side effects include nausea,
vomiting, diarrhea, dyspepsia, jitteriness, dizziness,
headache, and hypoglycemia, particularly when
given with sulfonylurea. Safety and efficacy have
not been established in pediatric patients, but it is
likely that the need for twice daily injection and the
side effect profile will make this an unacceptable
treatment for children with T2DM.

Treatment Recommendations

Treatment decisions are based on symptoms, severity
of hyperglycemia, the presence or absence of ketosis/
ketoacidosis (DKA), or of dehydration. Signs of
dehydration may be less obvious in the obese. Symp-
tomatic youngsters with T2DM, in addition to
frequently having ketoacidosis at diabetes onset, are
at particular risk for the HHS, which carries a high
mortality (80). DKA and HHS are discussed in Vol. 1;
Chap. 8. A treatment decision tree for outpatient man-
agement is given in Figure 6 (168).

Figure 6 Decision tree for treatment of T2DM.

�Blood glucose values < or > 130/180 refer

to self-monitoring of plasma blood-glucose

values of 90–130 mg/dL fasting or preprandial

and peak postprandial values of < 180 mg/dL.

Abbreviation: T2DM, Type 2 diabetes mellitus.
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Metformin should be the first oral agent used,
because it is associated with similar HbA1c reductions
to sulfonylureas and thiazolidinediones, with minimal
risk of hypoglycemia, and without weight gain. Further-
more, there may be greater effect on reducing LDL
cholesterol and triglyceride levels than with a sulfony-
lurea. With failure of monotherapy using metformin
over a three- to six-month period, sulfonylurea, megliti-
nide, or insulin can be added. Thiazolidinediones may
be used in older adolescents. Combination formulations
may result in better compliance (169).

It is important to counsel adolescents with
T2DM about sexuality and pregnancy, and provide
contraceptive advice as necessary, not only because
metformin and thiazolidinediones may restore nor-
mal periods (170), but because oral agents should
not be used during pregnancy.

Although routine self-monitoring of blood-
glucose may not be needed as frequently as with T1DM,
frequent monitoring is needed during periods of acute
illness, during dosage adjustment, or with symptoms
that indicate hyper- or hypoglycemia. It is also neces-
sary to monitor for asymptomatic hypoglycemia in those
individuals who are taking insulin or sulfonylureas.
The frequency of routine self-monitoring of blood-
glucose needs to be individualized, but include a
combination of fasting in postprandial measurements.

Assessments of HbA1c concentration should be
done at least twice a year and, if metabolic control is
unsatisfactory and requires treatment adjustment,
every three months. The involvement of a dietitian
with skill in the management of nutritional problems
in children with diabetes is essential; the dietary
recommendations need to be culturally appropriate,
sensitive to family style and resources, and need to
be understood by all caregivers.

Treating Comorbidities

Hypertension is an independent risk factor for the
development of albuminuria, retinopathy, and cardio-
vascular disease in T2DM in adults. Its importance is
emphasized by the experience of the U.K. Prospective
Diabetes Study, in which hypertension control was
more important than blood-glucose control in reduc-
ing the risk of cardiovascular disease (148). BP
should be measured at diagnosis and at least
quarterly and compared with standards appropriate
for age and height percentiles, as noted in the tables
in Vol. 1; Chap. 13. Elevations must be treated aggres-
sively if there is persistent elevation above the usual
percentile for the child or above the 90th percentile
for either systolic or diastolic pressure. Angiotensin-
converting enzyme inhibitors (ACEI) are the initial
drug of choice (172). As with T1DM, many physicians
use ACEI prophylactically in patients with T2DM.

Lipid levels and urine albumin excretion should
be measured shortly after diagnosis and annually, or
more often if there is abnormality and treatment effects

need monitoring. Exercise, weight loss, and glycemic
control may be sufficient to correct hyperlipidemia.
Dietary recommendations should be for the reduced
fat diet consistent with step 2 American Heart Associ-
ation guidelines. Lipid lowering medications should
be added if lipids do not improve satisfactorily after
three to six months of dietary and diabetes control
efforts. HMG CoA reductase inhibitors (statins) are
the most commonly used lipid lowering agents in
pediatric patients; they are contraindicated in
pregnancy or if there is risk of pregnancy (173).

Unlike the recommendations for T1DM, that
regular monitoring for complications not begin until
adolescence and three to five years of diabetes, moni-
toring lipids and urinary albumin excretion, and
examining the retina in those with T2DM should
begin at the time of diagnosis (1).
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INTRODUCTION

This chapter will examine maturity-onset diabetes of
youth (MODY) (1) and other genetic forms of diabetes
mellitus in the context of normal beta cell function, and
the disorder’s pathophysiology, presentation, and diag-
nosis. Initially beta cell disorders will be examined
followed by a discussion of insulin-sensitivity disor-
ders. By definition, the topics in this chapter are
classified as ‘‘other specific types of diabetes’’ and
exclude Type 1 diabetes mellitus (2,3), Type 2 diabetes
(4), and gestational diabetes mellitus (GDM). The
framework for this discussion will begin with a review
of normal beta cell function and peripheral responses
to insulin that determine the beta cell response to
elevated glucose levels (Table 1).

BETA CELL FUNCTION: A REVIEW OF
NORMAL PHYSIOLOGY

Multiple potential defects in beta cell metabolism
exist that can cause diabetes (5). Plasma glucose enters
and exits the interstitium on the way to and from
cells. The transport of glucose across cell membranes
is accomplished by energy-dependent or facilitative
glucose transporters (Fig. 1).

Glucose in the interstitium enters the beta cell
through the facilitative (non-energy-dependent)
glucose transporter-2 (GLUT2) (6). The 524 amino
acid GLUT2 protein is encoded on chromosome
3q26. GLUT2 is also expressed in intestinal epithelial
cells, renal tubular cells, and hepatocytes. In renal
tubular cells and intestinal epithelial cells, GLUT2
allows glucose to exit cells into the interstitial space
to be taken up by capillaries as opposed to beta cells
where glucose enters the cell via GLUT2 (Fig. 2). In
hepatocytes, GLUT2 facilitates both uptake and
release of glucose across the plasma cell membrane.

Facilitative glucose transporters have an extracel-
lular N-terminal domain, 12 transmembrane domains,
and a C-terminal cytoplasmic tail. The transmembrane
domains are hypothesized to form a pore through

which glucose can travel based upon concentration
gradients. The only insulin-responsive glucose trans-
porter is GLUT4 (509 amino acids; chromosome
17p13) expressed on hepatocytes, muscle cells, and
adipose cells. With cellular stimulation from insulin,
GLUT4 moves from an intracellular pool to fuse with
the cell membrane providing more GLUT4 for trans-
port of glucose into cells.

Besides GLUT2 and GLUT4, there are at least 11
other members of the solute carriers 2A family includ-
ing GLUT1, the red blood cell (RBC) (erythroid)/
hepatocyte glucose transporter (492 amino acids,
chromosome 1p35–31.3; expressed in: brain, kidney,
colon, placenta, and RBC), GLUT3, the brain glucose
transporter (496 amino acids, chromosome 12p13;
expressed in brain, kidney, and placenta), GLUT5, an
intestinal fructose transporter (501 amino acids,
chromosome 1p31), and GLUT7, an endoplasmic reti-
culum(RER)/microsomal glucose transporter moving
glucose into the cytoplasm. For example, in the RER
of the liver, glucose-6-phosphatase (G-6-P) converts
G-6-P to glucose and phosphate. Phosphate leaves
the RER via T2beta [a.k.a.: T3, an inorganic phosphate
(Pi) transporter] while glucose leaves the RER via
GLUT7 (a.k.a.: T2). The ‘‘generic’’ GLUT family can be
classified into several subfamilies: class I (GLUT1-4),
class II (GLUT5, 7, 9 and 11), and class III (GLUT6, 8,
10, 12, and the Human Myo-Inositol Transporter1)
(7,8). GLUT6 is a pseudogene.

In contrast to the facilitative glucose transporters,
the sodium-glucose cotransporter of the gut (i.e.,
SGLT1: sodium-dependent unidirectional transporter)
is energy dependent in moving sodium and glucose
from the gut lumen into the intestinal epithelial cell
against a concentration gradient. The energy driving
SGLT1 is provided by the hydrolysis of adenosine tri-
phosphate (ATP) by the sodium-potassium ATPase
pump. SGLT1 is also expressed in renal tubular cells
to reabsorb glucose from the urine ultrafiltrate in the
renal tubules against a concentration gradient.

Interstitial glucose reflects plasma glucose. With
wide swings in plasma glucose concentration, there



can be a slight delay in the change in interstitial glucose
concentration. Upon entry into the beta cell, glucose is
phosphorylated to G-6-P by the action of glucokinase
[(GCK), a.k.a.: hexokinase D or hexokinase Type IV].
GCK is a special form of hexokinase in that the rate
of formation of G-6-P is dependent upon the plasma/
interstitial glucose concentration. Kinetically, GCK
has a high Km and a lower affinity for glucose than
other hexokinases. The GCK gene is alternatively
transcribed in beta cells and hepatocytes leading to
unique isoforms of GCK being expressed in each tissue.

With higher plasma glucose levels, the rate of
formation of G-6-P is accelerated. In this manner,
GCK has been termed the ‘‘glucose sensor’’of the beta
cell (9). G-6-P proceeds to be metabolized through the
glycolytic pathway resulting in the formation of pyru-
vate molecules and ATP. Pyruvate enters the lumen of
the mitochondrion.

The mitochondrion is the power house of the cell
(10). Within this unique organelle the Krebs cycle, fatty
acid oxidation, and the oxidative respiratory chain
take place. In the mitochondrion, pyruvate is conver-
ted to acetyl-coenzyme A (acetyl-CoA) through the
action of pyruvate dehydrogenase. Acetyl-CoA in turn
enters the citric acid cycle to be burned to CO2 and
water (Fig. 3). When glucose is burned completely
through the events of the citric acid cycle and oxidative
phosphorylation, one glucose molecule yields 38 mole-
cules of ATP. However under anaerobic conditions,
each glucose molecule yields only two molecules of
ATP plus two molecules of pyruvate, which is con-
verted to lactic acid.

The increased ratio of ATP to adenosine
diphosphate plus Pi in the beta cell closes the ATP-
sensitive inwardly rectifying potassium channel
composed of Kir6.2 (chromosome 11p14.1) and the sul-
fonylurea receptor (SUR; chromosome 11p15.1). The

Table 1 Stages in the Beta-Cell Response to Elevated Glucose

Glucose uptake GLUT2

Glucose sensing GCK

Coupling of glucose sensing to

insulin release

Mitochondrion

Potassium channel (Kir6.2 and SUR)

Calcium channel

Insulin production Insulin gene and transcription factors

Abbreviations: GLUT2, glucose transporter-2; GCK, glucokinase; SUR, sulfo-

nylurea receptor.

Figure 1 The generic structure of glucose transporters that include 12

transmembrane domains and connecting loops, N-terminal and C-terminal

regions.

Figure 2 Beta cells take up glucose via their GLUT2 facilitative glucose

transporters. Glucose is then phosphorylated by GCK producing G-6-P. This

is metabolized via glycolysis to pyruvate, which can then enter into the Krebs

cycle (not shown). Compared with other HKs, GCK has a high Km and a lower

affinity for glucose. In this way, over the physiological range of glucose con-

centrations, the reaction velocity is proportional to the plasma glucose

concentration. In this manner, GCK serves as the beta-cell ‘‘glucose sensor’’

producing more G-6-P (and energy) as plasma glucose levels rise. In contrast,

for other hexokinases the reaction velocity is maximal at subnormal plasma

glucose concentrations (top right). Abbreviations: GLUT2, glucose trans-

porter-2; GCK, glucokinase; HK, hexokinase; G-6-P, glucose-6-phosphate.

Figure 3 The coupling of glucose detection with insulin release involves

the metabolism of pyruvate to CO2 and H2O via the Krebs cycle in the mito-

chondrion. Increased energy production raises the intracellular ratio of ATP

to ADP plus Pi. Abbreviations: ADP, adenosine diphosphate; ATP, adenosine

triphosphate; Pi, inorganic phosphate.
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beta cell then depolarizes opening a calcium channel.
Increased cytoplasmic calcium stimulates the release
of the insulin as insulin-containing secretory vesicles
fuse with the plasma membrane. In addition to the
release of insulin, C-peptide, small amounts of proin-
sulin, amylin (islet-associated polypeptide), and
carboxypeptidase H exit the beta cell (Fig. 4).

Like other genes, the insulin gene is under the
control of numerous transcription factors that operate
in hierarchies (11,12). Transcription factors are pro-
teins that regulate DNA transcription by binding to
DNA. Transcription factors typically contain domains
for (i) binding to ligands (such as metabolites and
hormones), (ii) binding to DNA, (iii) transactivation
of the DNA, and (iv) binding to other transcription
factors (e.g., forming heterodimers) or binding to identi-
cal transcription factors (forming homodimers). The
DNA regulatory elements that transcription factors
can bind to include enhancers, silencers, metabolic
response units, and the promoter region. The pro-
moter region encompasses the upstream promoter
region (USP) and the TATA box. Examples of the
USP include the CAAT box, which binds a CAT-box
transcription factor, CCGCCC (a transcriptional
response amplifier), the SP1 site that binds SV40 pro-
tein 1 and the chicken ovalbumin upstream promoter
box. Transcription factors that bind to the USP recruit
and stabilize other transcription factors that bind to
the TATA box to promote transcription initiation.

Insulin is initially synthesized as preproinsulin by
ribosomes associated with RER (i.e., the rough endo-
plasmic reticulum). With entry into the RER, the pre
(leader) -sequence of preproinsulin is cleaved. Proinsu-
lin is then cleaved to insulin and C-peptide prior to
release. Insulin is composed of the 21 amino acid A
chain and the 30 amino acid B chain that are held

together by two disulfide bonds (A7-B7 and A20-
B19). There is one A chain intrachain disulfide bond
(A6-A11).

Besides elevated plasma glucose concentrations,
insulin release is stimulated by amino acids by increas-
ing energy production within the beta cell. Alanine,
arginine, and leucine are recognized for their insulin-sti-
mulatory effects. Other energy sources such as free fatty
acids and ketone bodies can release insulin although the
predominant regulator of insulin release is glucose.

Insulin stimulates the release of somatostatin
from islet delta cells. Whereas glucagon stimulates
insulin release, both glucagon and insulin release are
suppressed by somatostatin. Glucagon is a product
of alpha cells. The autonomic nervous system inner-
vates the islets of Langerhans regulating islet
hormone release. M3 muscarinic receptor stimulation
amplifies insulin secretion. On the other hand with
stress and alpha2 adrenergic beta cell stimulation,
insulin secretion is inhibited. Gut hormones as incre-
tins significantly influence the sensitivity of the beta
cells to stimulation. Specifically, glucagon-like pep-
tide-1 (GLP-1) and gastric inhibitory polypeptide are
important regulators of beta cell responsiveness. Other
incretins that play a lesser role in fostering insulin
release include cholecystokinin, secretin, and gastrin.

Throughout the body, circulating insulin enters
the interstitium by diffusion to bind to cell-surface
insulin receptors. The insulin receptor is a beta-
alpha-alpha-beta tetramer. Both the 135 kDa alpha
and 95 kDa beta chains are derived from the insulin
receptor precursor protein. The insulin receptor gene
is located on the short arm of chromosome 19. The
beta chain is transmembrane whereas the alpha chain
is completely extracellular. Insulin binds to the
extracellular alpha chains. Like other tyrosine kinase
receptors, when the insulin receptor binds insulin,
its natural ligand, the intracellular domains of the
insulin receptor acquire tyrosine kinase activity.
The insulin receptor undergoes autophosphorylation
and phosphorylates intracellular proteins such as
insulin receptor substrate-1 and -2. This initiates a
cascade of intracellular second messengers that ulti-
mately signal insulin’s actions in target cells.

The insulin-sensitive tissues that express the
insulin receptor are hepatocytes, skeletal muscle cells,
and adipose cells. In response to insulin, in hepato-
cytes hepatic GCK expression increases, glycolysis is
stimulated, glycogen synthesis is stimulated, triglycer-
ide synthesis is stimulated and gluconeogenesis and
lipolysis are suppressed. Overall, there is increased
hepatic glucose clearance and suppression of hepatic
glucose output although glucose uptake is not directly
influenced as in skeletal muscle and adipose tissue
via a GLUT. In skeletal muscle and adipose tissue, the
insulin-responsive facilitative GLUT4 moves from an
intracellular pool to the plasma membrane allowing
increased entry of glucose into these tissues. Because
normally there is greater skeletal muscle mass than
either the mass of the liver or adipose tissue, skeletal

Figure 4 The rise in the ATP to ADP plus Pi ratio closes the potassium

channel, depolarizes the beta cell and opens the calcium channel. The rise

in the cytoplasmic concentrations of calcium is the signal that stimulates

insulin secretion. Abbreviations: ADP, adenosine diphosphate; ATP, adeno-

sine triphosphate; Pi, inorganic phosphate.
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muscle is the major site of postprandial glucose
clearance. Table 1 summarizes these events noting
important proteins. Beta cell defects causing diabetes
are overviewed in Table 2. With this description of beta
cell function and response to insulin as outlined above,
discussions of other specific types of diabetes follows.

GENETIC DEFECTS IN BETA CELL FUNCTION
GLUT2—Fanconi-Bickel Syndrome

A loss-of-function mutation in GLUT2 causes a rare,
autosomal recessive condition termed the Fanconi-
Bickel syndrome (13). Defective uptake of glucose by
beta cells leads to relative insulinopenia following
meals and consequent postprandial hyperglycemia
(14). Because GLUT2 is also expressed in hepatocytes,
decreased hepatocyte uptake of glucose following meals
also contributes to postprandial hyperglycemia. On the
other hand with fasting, because of decreased release
of glucose from heptocytes, hypoglycemia can result.
Finally because GLUT2 is expressed in renal tubular
cells and in intestinal cells, update of glucose by
these cells with impaired glucose release leads to defec-
tive intestinal epithelial cell function producing diarrhea
and/or malabsorption, and defective renal tubular
cell function producing a Fanconi-like syndrome.

Although not a beta cell defect, it is instructive to
briefly mention glycogen storage disease type 0 (GSD0)
which can also manifest fasting hypoglycemia and
postprandial hyperglycemia initially between ages 6
and 18 months (15). The name of this disorder is a mis-
nomer because the defect does not concern the excess
storage of glycogen in the liver. GSD0 results in defec-
tive formation of glycogen due to a deficiency of liver
glycogen synthase [(GYS2), chromosome 12p12.2]. On
the other hand, GYS1 (chromosome 19q13.3) is
expressed in muscle, brain, and kidney. In GYS2
deficiency, while hypoglycemia is the most notable
finding accompanied by severe ketosis, postprandial
hyperglycemia and hyperlactatemia is noted in 60% of

cases presumably due to an inability to clear glucose
through its storage as glycogen. Symptoms usually
improve spontaneously by age eight years. GYS1
defects can be expressed in a Type 2 diabetes phenotype
with polycystic ovary syndrome and hypertension.

Maturity-Onset Diabetes of Youth

MODY is a heterogenous group of autosomal domi-
nant disorders where insulinopenic diabetes typically
presents before age 25 (16–18). Therefore, MODY is a
form of other specific types of diabetes due to defects
in beta cell function (19). Depending upon the specific
type of MODY, at least in the first decades of the dis-
ease, insulin replacement therapy is usually not
required for control of hyperglycemia. As well, ketosis
is uncommon and ketoacidosis is not observed. In
research studies, MODY is often diagnosed only by
oral glucose tolerance testing demonstrating hypergly-
cemia albeit the patient is asymptomatic. MODY may
also present as GDM (20). Distinguishing features of
the various MODY syndromes are outlined in Table 3.

Although at one time it was believed that people
with MODY were resistant to the development of
complications (e.g., Mason-type MODY), complica-
tions do occur in MODY patients just as in any other
patient with diabetes proportionate to the duration
and severity of hyperglycemia (21). In Caucasian
children in the United Kingdom lacking autoimmune
Type 1 diabetes, MODY is as common as Type 2 dia-
betes (22). MODY is recognized widely throughout
the world. For example, cases of MODY-3 and
MODY-6 have been reported in Iceland (23).

There is a unique form of autosomal dominant,
insulinopenic diabetes that occurs in African-Americans
under age 40 that can be characterized as a form of
MODY (24). This disorder has been termed atypical
diabetes mellitus (ADM) of African-Americans. These
patients lack islet autoantibodies, and lack increased
frequencies of high-risk Type-1-diabetes-associated
human leukocyte antigen (HLA) alleles such as

Table 2 Beta-Cell Defects Causing Hyperglycemia

Protein/organelle Disorder

Consequence

(mode of inheritance)

GLUT-2 Loss-of-function Fanconi-Bickel syndrome (AR)

GCK Loss-of-function MODY-2 (AD)

Mitochondria Numerous loss-of-function mutations Mitochondrial diabetes (mitochondrial

inheritance)

Kir6.2 Activating mutations Neonatal diabetes (variable)

Transcription factors for insulin gene Various mutations

HNF-4 alpha MODY-1 (AD)

HNF-1 alpha MODY-3 (AD)

IPF-1 MODY-4 (AD)

HNF-1 beta MODY-5 (AD)

NeuroD1/beta 2 MODY-6 (AD)

Insulin Point mutations Insulinopathies (AD),

hyperproinsulinemias (AD)

Abbreviations: GLUT2, glucose transporter-2; GCK, glucokinase; AD, autosomal dominant; AR, autosomal recessive; HNF, hepatocyte

nuclear factor; MODY, maturity-onset diabetes of youth; PF, insulin promoter factor.
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HLA-DR3, HLA-DR4, HLA-DQB1�0201 and HLA-
DQB1�0302 (25,26). There is diminished first-phase
insulin response to the intravenous injection of glucose
(27). Ketosis is common at onset in ADM and diabetic
ketoacidosis is possible. As opposed to MODY
described in Caucasians, ADM patients are initially
insulin-requiring for control of hyperglycemia and
treatment of ketosis. However after one to two years,
the requirement for exogenous insulin usually wanes
and these patients enter a period of ‘‘non-insulin’’
dependence. Initial insulin dependence may reflect
hyperglycemic beta cell toxicity that reverses with a
reduction in the degree of hyperglycemia. Because of
the initial requirement for exogenous insulin, ADM
maybeconfusedwithType1diabetes. InoneADMpedi-
gree, a unique GCK mutation has been identified (at
codon 108: tyrosine!phenylalanine, Y108F) (28) and
in another pedigree a mitochondrial mutation was
suggested (29). There is one report of a MODY-3
mutation [hepatocyte nuclear factor-1 alpha (HNF-1
alpha)] in ADM children (30).

Other than ADM in African-Americans, MODY
appears to occur rarely in minorities (22). Other than
ADM, no documented cases of MODY have been
reported in African-Americans. However, in adult
diabetic Black Africans from Senegal, 16% carried a
Gly574Ser HNF-1alpha gene (MODY-3) mutation
(31). Associations between all of the MODY genes and
Type 2 diabetes have been sought. However, none of
the MODY genes significantly contributes to the
development of Type 2 diabetes or GDM (32–42).

Of the six recognized molecular etiologies for
MODY, five entities represent mutations in nonubi-
quitous transcription factors (43) that lead to
deficient insulin secretion (44,45). GCK mutations rep-
resent the only form of MODY not resulting from
transcription factor mutations. An increasing number
of genetic conditions are now recognized as resulting
from transcription factor mutations including cases
of panhypopituitarism (Pit-1 or PROP-1 mutations),
X-linked adrenal hypoplasia congenita (DAX-1 muta-
tions), autoimmune polyglandular syndrome Type 1
(autoimmune regulator mutations) (46,47) and some
cases of congenital hypothyroidism (thyroid transcrip-
tion factor mutations).

In 15% to 20% of cases of clinical MODY, the
molecular etiology is unknown, e.g., there are no
recognized mutations in the genes encoding MODY-1

through MODY-6 (48). Such cases are said to be due
to ‘‘MODY-X’’ (49). Recent studies on this topic
provided evidence for MODY-X linkage with loci on
chromosomes 3, 5, 6, and 10 (48) and chromosome 8 (50).

An earlier study describes MODY-X pedigrees
who were negative for MODY-1, MODY-2, and
MODY-3 mutations with apparent insulin resistance
with insulin doses and insulin levels higher than in
MODY-3 subjects, an approximately 50% prevalence
of obesity and increased frequencies of hypertrigly-
ceridemia, hypercholesterolemia, hypertension, and
nephropathy. Whether such pedigrees fit the MODY
phenotype can be questioned (51). In contrast, four
other French MODY-X families were not hyperinsuli-
nemic (52). In some populations (e.g., Brazilian
MODY families), MODY-X may be more commonly
represented than the recognized MODY etiologies.

The following transcription factors have been
studied and have not been found to be causes of
MODY: Nkx2.2 (chromosome 20p11) (53), HNF-3 alpha
(chromosome 14) (54), HNF-3 (chromosome 20p11)
(55–57), HNF-4 gamma (chromosome 8q) (58,59),
HNF6 (chromosome 15q21.1–21.2) (60), neuroD4 (chro-
mosome 12q13) (61), and neurogenin 3 (chromosome
10q21.2-q21.3) (62).

MODY-2: Glucokinase

In 1992, the first molecular cause of MODY was ident-
ified as GCK (e.g., MODY-2) (63). The GCK gene
is located on chromosome 7p. In France, MODY-2 is
the most common form of MODY (64). Presently more
than 130 GCK mutations have been described.

With a loss-of-function mutation in GCK, the beta
cell becomes relatively insensitive to glucose (65,66).
Elevated glucose levels must be achieved before insu-
lin secretion is triggered leading to modest degrees of
hyperglycemia (e.g., fasting plasma glucose approxi-
mately 110–145 mg/dL) and mild diabetes.

Studies in nondiabetic carriers of GCK mutations
revealed that the beta cell response curve for insulin
secretion rate (ISR) versus plasma glucose is ‘‘right-
shifted’’ such that rate of insulin secretion is relatively
deficient compared with controls, resulting in hyper-
glycemia. Therefore, the ISR is deficient up to blood-
glucose levels of 126 to 144 mg/dL. However above
this level, the rate of rise in the ISR is greater than in
MODY-1 or MODY-3 but is still less than in normal

Table 3 Distinguishing Features of MODY-1 Through-5

MODY type Distinguishing features

1 Progressive beta-cell dysfunction, decreased apo C2, apo C3, lp (a), an uncommon form of MODY

2 Nonprogressive beta-cell dysfunction, mild hyperglycemia from birth; decreased weight at birth, homozygous form: neonatal diabetes; a

common form of MODY

3 Progressive beta-cell dysfunction, slightly decreased weight at birth, the most common form of MODY outside France

4 Homozygous form: pancreatic agenesis, heterozygous form: later onset diabetes, a rare form of MODY

5 Renal cysts, vaginal/uterine malformations, abnormal liver function, nondiabetic renal disease, a rare form of MODY

ADM African-American, initial onset is insulin-requiring with possible ketosis or ketoacidosis, later: a noninsulin-dependent course

Abbreviations: MODY, maturity-onset diabetes of youth; ADM, atypical diabetes mellitus.
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controls (67). There is potentiation (e.g., improvement)
of the ISR with prior glucose priming and insulin
responses to nonglucose secretagogues are preserved.
Decreased hepatocyte clearance of glucose that is
mediated, in part, by a mutated GCK protein may also
contribute to hyperglycemia after meals (68).

Insulinopenia is not progressive with advancing
age in MODY-2 patients. MODY-2 may only be
detected by oral glucose tolerance testing or unmasked
during pregnancy as GDM. Less than 50% of GCK
mutation gene carriers display clinical diabetes
whereas about 50% of women heterozygous for a
GCK mutation exhibit gestational diabetes. Because
of the milder degree of hyperglycemia observed in
MODY-2 compared with other forms of MODY, dia-
betic complications in MODY-2 are less common than
in MODY-1 or MODY-3. Because of presumed in utero
insulin deficiency, affected neonates are approximately
500 g lighter than their siblings and exhibit slightly
elevated glucose levels from birth.

Molecular diagnosis of MODY-2 is available.
Homozygosity for loss-of-function GCK mutations
can produce permanent neonatal diabetes (69–71). A
gain-of-function mutation in GCK raises the beta cell’s
sensitivity to glucose and is a cause of autosomal
dominant persistent hyperinsulinemic hypoglycemia
of infancy (72,73).

Mitochondrial Diabetes

In an increasing number of disorders, a search for
mitochondrial dysfunction is being undertaken
(74–76). In individuals with various mitochondrial
mutations, either as an isolated finding or in association
with other clinical defects, diabetes can occur (77). Phe-
notypically, most cases are ‘‘non-insulin-dependent’’
while a minority of cases have been insulin requiring.

Three percent to 42% of Japanese patients with
Type 1 diabetes identified by the presence of islet auto-
antibodies have been found to carry mitochondrial
mutations (78,79). However, these findings were not
duplicated by another Japanese research group (80).
The true frequency of mitochondrial diabetes is likely
to be very low (81) and will uncommonly be observed
in clinical practice even when the treating physician
has a high index of suspicion for such disorders (82).
Glutamic acid decarboxylase autoantibodies (GADA)
and insulin-2-associated autoantibodies (IA-2A) are
absent in patients with mitochondrial diabetes and a
non-insulin-dependent phenotype (83).

The most common mitochondrial mutation
linked to diabetes is the A3243G mutation in the trans-
fer RNA (tRNA)Leu(UUR). Other mutations distinct
from A3243G and associated with hyperglycemia or
frank diabetes include A3156G, A3252G, C3256T,
A3260G, and T3271C in the tRNALeu(UUR), G3316A in
subunit 1 of NADH dehydrogenase (NADH CoQ
reductase), A8344G in the tRNALys and T14709C in
the tRNAGlu. Several mutations can occur together
with the A3243G mutation in diabetic individuals such

as C946A or A1041G in the 12SrRNA, T3394C in sub-
unit 1 of NADH dehydrogenase, G4491A in the
subunit 2 of NADH dehydrogenase, and G11963A in
subunit 4 of NADH dehydrogenase. Whereas mito-
chondrial diabetes can occur in isolation, it can occur
together with sensori-neural hearing loss, cardiomyo-
pathy, Leber’s hereditary optic neuropathy (LHON),
mitochondrial myopathy, encephalopathy, lactic aci-
dosis, stroke-like syndrome (MELAS), and
mitochondrial myopathy or the myoclonic epilepsy,
ragged-red fiber disorder (MERRF) (84–87).

In cases of mitochondrial diabetes the conceptual
basis for diabetes is straightforward: defective energy
production within the beta cell will ultimately impair
insulin release (77,88,89). Since mitochondria are inher-
ited essentially exclusively from the cytoplasm of
the ovum, the inheritance pattern is mitochondrial:
mothers pass on the disorder to their offspring yet
fathers do not pass on these disorders. A pathologic
phenotype is more likely with a higher proportion of
mutated mitochondria and this appears to be true for
mitochondrial diabetes states (90). Most mitochondria
have 6 to 10 copies of the 16,569-base pair (bp) circular
mitochondrialgenome.Cellscanhavehundredsofmito-
chondria. The proportion of mitochondria that carry a
mutation is described as the degree of ‘‘heteroplasmy’’
within an individual. Because mitochondria are not
equally distributed among all cells or all tissues, in vari-
ous organs in affected individuals there can be fewer or
greater numbers of defective mitochondria. For clinical
expression of disease, usually more than 5% of the
mitochondria must be mutated.

Mitochondria have a unique genetic code and
many unique tRNAs. Despite the presence of the mito-
chondrial genome that carries genes unique to
the mitochondrion, most mitochondrial proteins are
encoded by the nuclear genome. Mitochondrial dys-
function has been conceptually implicated in the
etiology of Type 2 diabetes (91). Mitochondrial
sequence variations have also been implicated as gen-
etic risk factors for autoimmune Type 1 diabetes (92).

Kir6.2 Mutations Causing Neonatal Diabetes

Loss-of-function mutations in Kir6.2 close the potass-
ium channel, depolarizing the beta cell. This is a
cause of persistent neonatal hypoglycemia (93,94). On
the other hand, gain-of-function mutations in Kir6.2
keep the potassium channel open, preventing depolar-
ization leading to deficient insulin secretion and
persistent (e.g., the V59M, Q52R, and I296L mutations)
or transient (e.g., the I182V mutation) neonatal diabetes
(95). Of clinical interest, despite insulinopenia, some
children with neonatal diabetes show a significant
reduction in plasma glucose with high-dose sulfony-
lurea administration, avoiding the necessity of
exogenous insulin replacement (96,97). Transient neo-
natal diabetes mellitus has also been associated with
paternal overexpression of an imprinted chromosome
6q24 locus (98). Some Kir6.2 mutations have been asso-
ciated with childhood diabetes or Type 2 diabetes (99).
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MODY-1: Hepatocyte Nuclear Factor-4 Alpha

Mutations in several transcription factors can cause
the MODY phenotype (100). Diabetes is believed to
result from insufficient insulin production and release
although other mechanistic causes of diabetes result-
ing from such mutations have not been excluded
such as pancreatic, islet, or beta cell hypoplasia or
aplasia (see the section ‘‘MODY-4: Insulin Promoter
Factor’’).

Mutations in HNF-4 alpha (chromosome 20q12-
q13.1) cause MODY-1 (101). MODY-1 is an uncommon
cause of MODY. The gene for HNF-4 alpha is located on
chromosome 20q12-q13.1. HNF-4 alpha is expressed in
the liver, kidney, intestine and islets, and serves as a key
regulator of hepatic gene expression. GLUT2, aldolase
B, glyceraldehyde-3-phosphate dehydrogenase, liver
pyruvate kinase, fatty acid binding proteins and cellu-
lar retinol binding protein expression are regulated by
HNF-1 alpha (the cause of MODY-3) which is con-
trolled, in part, by HNF-4 alpha (the cause of MODY-1).

Fajans and Conn from the University of
Michigan in the 1960s first described the MODY
phenotype in a pedigree that was found to eventually
include over 300 members (102). In 1991 in linkage
studies of this RW pedigree, MODY-1 was mapped
to chromosome 20 with the gene being in the vicinity
of the adenosine deaminase gene. After MODY-3 was
identified, a search of chromosome 20 loci near adeno-
sine deaminase revealed mutations in HNF-4 alpha in
the RW pedigree but not in unaffected family mem-
bers or nondiabetic controls. This proved that
MODY-1 resulted from HNF-4 alpha mutations.

In MODY-1, modest insulinopenia causes early-
onset, autosomal dominant diabetes (103). Many
individuals affected with MODY-1 can be controlled
for decades through the use of oral sulfonylureas.
However, there is progressive insulinopenia with
advancing age and 30% to 40% of MODY-1 subjects
eventually require insulin replacement therapy.

Evaluation of nondiabetic carriers of MODY-1
mutations revealed that the ISR is normal up to blood-
glucose levels of 126 to 144 mg/dL. However above
this level the rate of rise in the ISR is deficient to flat
(67). There is no potentiation of the ISR with prior
glucose priming. Insulin responses to a nonglucose
secretagogue such as arginine are deficient (104).
Reduced pancreatic polypeptide response to hypogly-
cemia and amylin response to arginine has also been
recognized in MODY-1 subjects (105). Finally demon-
strating the broad effects of transcription factor
mutations on gene regulation, MODY-1 subjects exhibit
reduced levels of apo A2, apo C3, lipoprotein (a) and
triglycerides (106,107).

MODY-3: Hepatocyte Nuclear Factor-1 Alpha

MODY-3 results from mutations in HNF-1 alpha
(chromosome 12q24.2). Many genes involved in
insulin secretion are regulated by HNF-1 alpha
(108). Linkage studies initially mapped MODY-3 to

chromosome 12 (109). Through detailed analysis of
the genes in the vicinity of the chromosome 12
locus linked to MODY-3 in pedigree studies, the cause
of MODY-3 was identified as mutations in HNF-1
alpha (110).

Biologically, HNF-1 alpha is expressed in liver,
kidney, intestine, and beta cells. Some genes such as
amylin are suppressed by HNF-1 alpha expression
(111). In a beta cell line, HNF-1 alpha was shown to
regulate beta cell growth through altered expression
of insulin-like growth factor-1 (112). HNF-1 alpha
mutations may function as dominant negatives (113).
HNF-4 alpha regulates HNF-1 alpha providing a link
between MODY-1 and MODY-3 (114). HNF-a can bind
to A3/A4 regulatory region of the insulin gene. Other
genetic loci (chromosomes 5p15, 9q22, and 14q24)
may influence the age at onset of MODY-3 (115).
Greater than 120 HNF-1 alpha mutations have been
reported. HNF-1 alpha has an apparent exon 4 muta-
tional hotspot (Pro291fsinsC) (116,117).

MODY-3 is the most common form of MODY
worldwide. The higher frequency of MODY-2
reported in France than the United Kingdom (and
other parts of the world) may relate to France’s case
finding approach extensively using oral glucose toler-
ance testing of asymptomatic first-degree family
members of the diabetic proband. Chronic diabetic
complications do occur in individuals with MODY-3
(118). There may also be a reduced renal threshold
for glycosuria in MODY-3 (119).

Similar to MODY-1, there is progressive insuli-
nopenia with advancing age. Birthweight is reduced
by approximately 120 g compared with siblings.
Diabetes penetrance in MODY-1 and MODY-3
carriers by age 40 approaches or exceeds 80% (120).
Like MODY-1, sulfonylureas can successfully treat
MODY-3 (121) although insulin dependence can occur
in as many as 30% to 40% of such MODY patients (16).

There are a number of reports of insulin-
dependent diabetes patients with MODY-1 mutations
(122–126). Therefore, some of the uncommon patients
with clinical ‘‘Type 1 diabetes’’ who lack all islet auto-
antibodies [such as islet cell autoantibodies, GADA,
IA-2A and insulin autoantibodies (IAA)] and lack
high-risk HLA Type-1-diabetes alleles may have
MODY-3. However, the usual MODY-3 patient is not
insulin-requiring early in life.

Studies in nondiabetic carriers of MODY-3 muta-
tions showed that the ISR is normal up to blood
glucose levels of 126 to 144 mg/dL, yet above this
level the rate of rise in the ISR is deficient (127). There
is potentiation of the ISR (e.g., improvement) with
prior glucose priming in contrast to MODY-1 where
there is no potentiation with glucose priming.

MODY-4: Insulin Promoter Factor-1

Insulin promoter factor-1 (IPF-1) mutations cause
MODY-4 (128) by producing insulinopenia (129).
IPF-1 is also known as pancreatic duodenal homeobox

Chapter 10: Maturity-Onset Diabetes of Youth and Other Genetic Conditions Associated with Diabetes 195



protein-1 islet duodenum homeobox-1 and STF-1. The
gene for IPF-1 is found on chromosome 13q12.1 (130).
IPF-1 can bind to the A5, A3/A4, A2, and A1 regulat-
ory regions of the insulin gene. IPF-1 is required for
the expression of the fibroblast growth factor recep-
tor-1. IPF-1 activates the transcription of many genes
including insulin, somatostatin, islet amyloid poly-
peptide, GLUT2, and GCK (131).

An infant born with pancreatic aplasia (i.e., small-
for-gestational age, neonatal diabetes, and exocrine
pancreatic insufficiency) was studied for transcription
factor mutations. Insulin deficiency in utero leads to
intrauterine growth retardation that is expressed at
birth as the infant being ‘‘small-for-gestational’’ age.
Exocrine pancreatic insufficiency is manifested as stea-
torrhea that also contributes to failure to thrive. The
infant’s father had ‘‘Type 2’’ diabetes and the mother
had had ‘‘gestational’’ diabetes. The infant was found
to harbor a homozygous mutation in the IPF-1 gene.
A single cytosine base pair deletion in code 63 caused a
frameshift mutation in IPF-1. It was concluded that the
heterozygous parents had MODY (termed ‘‘MODY-4’’)
and that homozygosity for the mutation caused pancre-
atic agenesis. The parents were not related; however,
there was a strong family history of diabetes on both
sides of the family. Individuals heterozygous for an
IPF-1 mutation appear to have a later-onset of diabetes
than is usually observed in other types of MODY.

Investigations of carriers of IPF-1 mutations
revealed (when compared with controls) hyperglyce-
mia, insulinopenia, a normal early GLP-1 response,
elevated nonesterified fatty acids, and elevated gluca-
gon during a five-step hyperglycemic clamp (132).
Insulin sensitivity in IPF-1 carriers was enhanced as a
possible compensatory response to insulinopenia.
Similarly, the expected response of insulin-sensitive
tissues to insulinopenia is an increase in insulin
receptor number as is observed in cystic fibrosis (CF)
(133–135) and anorexia nervosa (136).

The base pair deletion and consequent frame-
shift mutation in the mutated IPF-1 lead to the
production of a dysfunctional protein (mutant iso-
form-N), which terminated prematurely because of
the introduction of a stop codon in the aberrant open
reading frame. Instead of the normal-sized IPF-1 pro-
tein of 42 to 43 kB, a 13.2-kDa protein resulted which
could not translocate to the nucleus. The IPF-1
deletion included the FPWMK motif that is required
for interaction of IPF-1 with PBX. Another homeo-
protein, PBX1, is ‘‘pre-B-cell leukemia transcription
factor-1’’ encoded on chromosome 1q23.

In addition to mutant isoform-N, another
mutant protein (mutant isoform-C) was identified that
utilized an aberrant translation start site that went
‘‘into frame’’ once the sequence extended past the
cytosine deletion, continuing the protein in its normal
opening reading frame through to the normal stop
codon. This product was 16 kB. Like other transcrip-
tion factor mutations, IPF-1 mutations may act as
dominant negatives (137).

Because pancreatic transcription factors can con-
trol pancreatic development in utero in addition to
regulating insulin gene expression, transcription factor
mutations could lead to diabetes by interfering with
normal pancreatic, islet or beta cell development
(138). When a knockout mouse is produced lacking
IPF-1, pancreatic agenesis results similar to the human
‘‘experiment of nature’’ (139). During embryonic devel-
opment, IPF-1 transcripts are found in the pancreas,
duodenum, and pylorus. Later in development, IPF-1
transcripts are more restricted to the beta cells and a
fraction of the delta cells. Similar to the IPF-1 knockout
model, PTP-p48 knockout mice also display pancreatic
agenesis (140). Of lesser severity, the Isl1 knockout
mouse exhibits dorsal pancreatic agenesis. Nkx2.2 is
necessary for islet development based upon a knockout
of this gene in mice. Based upon other knockout experi-
ments, Pax-4 is crucial for beta and delta cell formation
within islets (141), whereas Pax-6 is important for alpha
cell development. Knockouts of Nkx6.1 or beta 2/neuro
D1 lead to failure of beta cell development (142,143).
Various developmental pancreatic islet abnormalities
have been described in humans (144–148).

Possibly because of its simplicity (the IPF-1 gene
has only two exons), IPF-1 has been examined as a
possible contributor to the development of Type 2
diabetes in several studies. While IPF-1 mutations
can be found in individuals and families with Type 2
diabetes, IPF-1 is not a major contributor to genetic
susceptibility to Type 2 diabetes (149–154). Whereas
there is only a single family with MODY-4 with a sin-
gle IPF-1 mutation, in Type 2 diabetes subjects at least
five IPF-1 mutations have been described.

MODY-5: Hepatocyte Nuclear Factor-1 Beta

MODY-5 results from HNF-1 beta mutations. HNF-1
beta (also known as transcription factor-2, hepatic,
and as LF-B3; variant hepatic nuclear factor) is found
on chromosome 17cen-q21.3. Japanese MODY famil-
ies screened for mutations in novel transcription
factors led to the discovery of mutations in HNF-1
beta in two families (the R177X and A263fsinsGG
mutations) (155). MODY-5 is a rare form of MODY
(156). MODY-5 does not significantly contribute to
the development of Type 2 diabetes (157,158).
Mechanistically, HNF-1 beta regulates HNF-4 alpha
providing a link between MODY-5 and MODY-1.
HNF-1 beta can form homodimers or heterodimers
with HNF-1 alpha. At least five mutations affecting
HNF-1 beta have now been described.

Clinical hallmarks of MODY-5 include the find-
ings of renal cysts, vaginal aplasia, or rudimentary
or bicornuate uterus in affected patients and eleva-
tions in liver function tests (159–161). These
associated malformations demonstrate the diverse
adverse consequences of certain transcription factor
mutations.

The renal cysts cause hypoplastic glomerulo-
cystic kidney disease evidenced in proteinuria and
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nondiabetic renal failure (162,163). Finally, in contrast
to MODY-1 and MODY-3 patients that do not exhibit
abnormalities in hepatic enzyme release, individuals
with the MODY-5 can display elevations in alanine
amino transferase, aspartate amino transferase, and
gamma glutamyl transpeptidase (164).

MODY-6: Beta 2/NeuroD1

Beta 2/NeuroD1 mutations cause MODY-6. Beta 2/
NeuroD1 can bind to the E1 and E2 regulatory regions
of the insulin gene. Pancreatic endocrine cells, intes-
tine and brain are the normal sites of expression of
NeuroD1. NeuroD1 regulates insulin, cholecystokinin
and secretin expression. In nervous tissue, NeuroD1
can induce neuronal differentiation.

MODY-6 is a rare form of MODY (23,165).
MODY-6 was not found in any of 57 Japanese MODY
families (53). A NeuroD1 mutation has been identified
in one Type 2 diabetes family characterized by hyper-
insulinism and obesity, suggesting a role for neuroD1
in target sensitivity to insulin (166). However,
NeuroD1 was not associated with Type 2 diabetes in
France (38). There is controversy concerning the poss-
ible role of NeuroD1 polymorphisms in the
development of Type 1 diabetes (167–169).

Insulin: Insulinopathies

Diabetes can result from insulinopathies where there
are point mutations in the insulin gene causing
missense mutations in the insulin molecule (170). Such
disorders are exceedingly rare, especially when com-
pared with the high frequency of hemoglobinopathies
in various worldwide populations.

The first two mutations described involved ser-
ine replacing phenylalanine B24 (amino acid residue
number 24 in the B chain; insulin Los Angeles)
(171,172) and leucine replacing phenylalanine B25
(insulin Chicago) (173). Normally phenylalanines at
B24 and B25 are involved in insulin’s interaction with
its receptor. The immunoreactivity of theses insulins
is normal. Later described was a mutation in the
insulin A chain with leucine replacing valine (insulin
Wakayama, a.k.a.: Tokyo) (174). Biological activity of
insulin Wakayama is reduced (175). All three mutated
insulins display in vitro decreased insulin receptor
binding, decreased biologic activity, and greatly pro-
longed half lives (176).

The clinical phenotype of insulinopathies is:
(i) glucose intolerance or mild diabetes, (ii) autosomal
dominant inheritance, (iii) hyperinsulinemia (a conse-
quence of decreased insulin action and subsequent
decreased insulin clearance), and (iv) increased insulin
to C-peptide ratios (177). Because the mutated
insulin is not cleared normally through receptor-
mediated endocytosis, the mutated insulin accumu-
lates in the circulation. Single-strand conformation
polymorphism analysis and direct sequencing can
detect such mutations (178,179).

Insulin: Familial Hyperproinsulinemias

Mutations in proinsulin at the sites where proinsulin
is normally cleaved to insulin plus C-peptide lead to
the familial hyperproinsulinemias inherited as auto-
somal dominant disorders (180,181). Several types of
hyperproinsulinemia exist depending upon whether
the mutation affects the cleavage site between the
B chain and C-peptide or the site between C-peptide
and the A chain (182). Failure to normally cleave
proinsulin to insulin plus C-peptide leads to high
concentrations of partially cleaved proinsulin in
the circulation. Proinsulin has approximately 10% the
bioactivity of insulin.

The insulin gene mutations result from point
mutations where an arginine is replaced by another
amino acid at the key cleavage sites between the A
and B chains and C-peptide where two arginines or
an arginine and a lysine are normally located (183).
In at least one family with hyperproinsulinemia, the
cause was believed to be due to abnormal cleavage
of proinsulin and not a mutation in the proinsulin
molecule itself (184). However, later studies suggested
that there was a mutation in proinsulin arguing
against a pure processing defect (185,186).

Usually hyperproinsulinemia by itself does not
cause diabetes (187). However when presumably com-
bined with other risk factors for diabetes such as a
genetic predisposition to diabetes, hyperproinsuline-
mia can be associated with hyperglycemia and a
‘‘non-insulin-dependent’’ diabetes phenotype (188).
In at least two families, hyperglycemia became more
pronounced with advancing age in adulthood
(189,190). It is unlikely that hyperproinsulinemia
would be recognized in childhood or adolescence.

A potentially important diagnostic feature of
insulinopathies and hyperproinsulinemias in contrast
to states of true insulin resistance (e.g., the metabolic
syndrome or Type 2 diabetes) is that despite elevated
immunoreactive insulin levels in insulinopathies and
hyperproinsulinemias, there is a normal decline in
glucose when exogenous (normal) insulin is injected
in affected patients. Therefore, an insulin tolerance
test should be considered in cases of suspected insuli-
nopathy and hyperproinsulinemia. A thorough family
history that reveals an autosomal dominant mode of
inheritance can also be diagnostically helpful. If
immunoassays are used that measure proinsulin and
insulin separately, patients with hyperproinsulinemia
will have an increased proinsulin to insulin ratio
compared with people with insulinopathies.

GENETIC DEFECTS IN INSULIN ACTION: INSULIN
RECEPTOR AND POST-RECEPTOR EVENTS

Although insulin resistance is the major predisposing
factor causing Type 2 diabetes, insulin resistance in
Type 2 diabetes results predominantly from post-
receptor defects. Mutations in the insulin receptor in
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Type 2 diabetes are extremely rare in the absence of
some type of genetic syndrome (191). There is a small
group of genetic syndromes where insulin receptor
mutations truly occur and many types of individual
mutations have been described that can produce an
insulin-resistant, diabetic state. The spectrum of
clinical expression of these mutations ranges from
a nondysmorphic, yet insulin-resistant-diabetic
phenotype (Type A insulin resistance) to Rabson-
Mendenhall syndrome to the most severe expression:
Leprechaunism (Donohue syndrome) (192).

Insulin receptor mutations are found in these
disorders that play a significant role in their causation.
In the more severe cases there is a marked decline in
the cell surface expression of the insulin receptor,
while in other less severe cases, the receptor is
expressed yet there is an aberrant affinity for insulin
leading to decreased receptor stimulation (193). How-
ever, a strong correlation between the severity of the
insulin receptor mutation and the clinical phenotype
has been challenged (194).

Clinical findings associated with Type A insulin
resistance include acanthosis nigricans and polycystic-
ovary syndrome reminiscent of the metabolic syndrome
(195,196) and hyperandrogenism in the absence of obes-
ity or lipodystrophy. Type A insulin resistance has been
inherited as either an autosomal recessive trait or an
autosomal dominant trait. Nongenetic Type B insulin
resistance results from insulin receptor autoantibodies
that bind to the receptor but do not activate the receptor.
Type B insulin-resistant diabetes is classified as ‘‘other
specific type of diabetes—uncommon forms of immune
mediated diabetes.’’

Rabson-Mendenhall syndrome and leprachau-
nism are autosomal recessive conditions that display
prenatal and postnatal growth failure and mental
retardation. Intrauterine growth retardation is an
expected outcome when there is deficient insulin
action in utero for any reason. Insulin is a more
important and potent growth factor in utero than
growth hormone. Growth hormone-deficient neonates
are not small at birth.

Rabson-Mendenhall syndrome is characterized
by insulin resistance, insulin receptor mutations, short
stature, protuberant abdomen, and abnormalities of the
nails and teeth (197). Fasting hypoglycemia is a
paradoxical feature of this condition. Leptin treatment
of such patients has provided some benefit (198).
Over time, insulin secretion can decline in Rabson-
Mendenhall syndromes producing ketoacidosis (199).

The clinical features of leprachaunism include
severe prenatal and postnatal growth failure, develop-
mental delay, adipose tissue deficiency, cutis laxa,
hypertrichosis, acanthosis nigricans, distended abdo-
men, relatively large hands and feet, variable extents
of external genitalia hypertrophy, and an elf-like face
characterized by hypertelorism, prominent eyes,
enlarged ears, and micrognathia (200). Autopsy find-
ings include cystic ovarian changes and pancreatic
islet beta cell hyperplasia. Some authors suggest that

if a child lives beyond age two, leprachaunism is
not an appropriate diagnostic term implying that the
diagnosis of Rabson-Mendenhall syndrome should
be applied in such cases.

DISEASES OF THE EXOCRINE PANCREAS
Cystic Fibrosis

There are a number of genetic diseases involving the
pancreas that can cause diabetes. The best known
examples are CF and primary hemochromatosis.
CF-related diabetes mellitus (CFRD) is an autosomal
recessive disorder caused by mutations in the
CF transmembrane conductance regulator, which is
a chloride channel. This gene is located on chromo-
some 7. Seventy percent of mutated CF alleles carry
the delta-508 mutation: a 3-bp deletion encoding a
phenylalanine (deltaF508). Because the deletion is a
multiple of three, a shift does not occur in the reading
frame distal to the deletion. The other 30% of CF
alleles represent a wide number of possible mutations
with the more than 1000 mutations reported. The
deltaF508 mutation is the most severe genetic lesion
(201–203). In the general population, deltaF508 does
not serve as a risk factor for Type 2 diabetes (204).

CFRD is becoming increasingly common as life
expectancy in CF has approximately doubled in the last
two decades. In 30% to 40% of adult CF patients, some
form of dysglycemia is recognized (205). The develop-
ment of microvascular complications is now a major
challenge for long-term CF survivors with CFRD.

CFRD is associated with poor nutrition (206) and
an increased risk for pulmonary deterioration
(207,208). Deterioration in pulmonary function is
much worse in women and men with CF. Screening
for diabetes should begin in CF patients at ages 10
(209) to 14 (210). Hemoglobin A1c is not an appropriate
screening test for CFRD (211). Presently, the American
Diabetes Association does not recommend hemoglo-
bin A1c testing for any type of diabetes screening or
diagnosis (212), although some experts recommend
revision of the overall diabetes diagnostic guidelines
to include elevated hemoglobin A1c (213–215).

The pathogenesis of diabetes in CF appears to
be fibrotic damage to the islets of Langerhans conse-
quent to the destruction of the exocrine pancreas
from duct obstruction. More than two decades ago,
glucagon deficiency, in addition to insulin deficiency,
was identified in CFRD (216–219). This can lead to a
less severe form of diabetes because hyperglucagone-
mia is less pronounced than in disorders where only
the beta cells are destroyed such as Type 1 diabetes.
Similar to Type 2 diabetes, there appears to be a step-
wise progression from totally normal glucose
tolerance to diabetes leading to the following
classification of glucose tolerance in CF: normoglyce-
mic, impaired glucose tolerance, CFRD with post-
challenge hyperglycemia, and CFRD with fasting
hyperglycemia (205).
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Primary Hemochromatosis

Primary hemochromatosis, an inherited autosomal
recessive disorder, is characterized by unregulated,
hyperabsorption of iron leading to systemic iron load.
Hemochromatosis can develop secondarily as a
consequence of transfusion therapy for disorders such
as chronic anemias. The greatest site of iron deposition
is the liver. Excess iron deposition in tissues causes
organ damage affecting the heart (heart failure), liver
(liver failure), pituitary (hypopituitarism), and pan-
creas (islet deposition with diabetes). Deposition of
iron in the skin causes a darkening of the skin. The
combination of skin hyperpigmentation and hypergly-
cemia has been termed ‘‘bronze diabetes.’’ The genetic
mutation in primary hemochromatosis involves a
class I major histocompatibility complex-like gene
named the hemochromatosis gene (HFE).

Primary hemochromatosis affects 1 in every 300
people in the general population. During their
reproductive years, women are generally spared the
adverse effects of hemochromatosis because of
menses. The most sensitive screening test for hemo-
chromatosis is the measurement of transferrin
saturation (i.e., serum iron divided by total iron bind-
ing capacity). The usual upper limit of the reference
interval for saturation is approximately 55%. Whereas
symptoms can occur before age 20, between ages
40 and 60 symptoms are most often first apparent
when total body iron has reached damaging
concentrations.

Pathophysiologically, diabetes in hemochromato-
sis results from a combination of insulinopenia from
beta cell damage and hepatic insulin resistance
from liver disease. However, insulin deficiency is more
prominent than insulin resistance. In adults, 75% to
90% of affected patients exhibit either impaired glucose
tolerance or diabetes. Diabetes resulting from hemo-
chromatosis in children and adolescents must be
uncommon, as a recent literature review by the
author failed to disclose any such cases reported in
PubMed. Cardiac and gonadal problems are more
common than liver disease or diabetes in youth with
hemochromatosis (219).

Other Forms of Diabetes Including Disorders of the
Exocrine Pancreas

Diabetes in the newborn is termed ‘‘neonatal diabetes
mellitus (NDM)’’ and can be either transient (TNDM)
or permanent (PNDM) (220). Sporadic pancreatic
agenesis, pancreatic agenesis secondary to IPF-1 muta-
tions (128) and congenital pancreatic hypoplasia (147)
can produce permanent diabetes in infancy. An unba-
lanced duplication of paternal chromosome 6 and
uniparental isodisomy of chromosome 6 have been
identified in over 75% of TNDM cases. Autosomal
recessive inheritance of PNDM is suggested by the
association of PNDM with cerebellar hypoplasia and
Wolcott-Rallison syndrome, a rare autosomal recessive

condition characterized by multiple epiphyseal dys-
plasia and early-infancy-onset diabetes mellitus (221).

A familial form of pancreatic hypoplasia has
been described as an autosomal recessive trait (147).
Two brothers who exhibited small size at birth
suggestive of in utero insulin deficiency, both
developed Type 1 diabetes and pancreatic exocrine
insufficiency before age one. Neither parent had
diabetes thereby negating, MODY-4 as a cause of this
disorder. The parents were unrelated.

OTHER GENETIC SYNDROMES ASSOCIATED
WITH DM

Diabetes can occur in association with a number of
genetic syndromes. Lipodystrophy is the absence of
normal subcutaneous fat. This produces a very lean
appearance over the parts of the body affected with
prominent appearance of the veins and muscles. Lipo-
dystrophy can be generalized or limited to specific
areas of the body. The lipodystrophies are remarkable
for defective insulin action and subsequent insulin-
resistant diabetes. Characteristics shared with the
metabolic syndrome [e.g., insulin resistance syndrome;
dysmetabolic syndrome X (ICD-9: 277.7)] include
hypertriglyceridemia, low high-density lipoprotein
cholesterol, hypertension, an accelerated risk for arter-
iosclerotic cardiovascular disease, and, in women,
oligomenorrhea, amenorrhea, and infertility.

One persuasive hypothesis for the metabolic dis-
turbances in the lipodystrophies is that with
decreased ability to deposit fat (e.g., triglyceride) in
normal adipose tissue, even subnormal amounts of
total body fat will lead to fat deposition in ectopic
locations such as hepatocytes, skeletal muscle, and
beta cells. Fat deposition in liver and skeletal muscle
induces insulin resistance. Hepatic glucose output is
excessive. As noted above, skeletal muscle is normally
responsible for approximately 80% of glucose clear-
ance following meals. Decreased glucose removal by
muscle substantially contributes to hyperglycemia.
Fat deposition in beta cells contributes to insulinope-
nia through beta cell dysfunction. The combination
of insulin resistance and insulinopenia produces
diabetes mellitus.

There are several forms of familial lipodystro-
phy that display autosomal dominant or autosomal
recessive inheritance. For each form, a gene mutation
has been identified or is under study. There are
several excellent recent reviews that the reader
is referred to (222,223). Acquired lipodystrophy is
observed in patients receiving treatment for human
immunodeficiency virus infection. Reverse-transcrip-
tase inhibitors and protease inhibitors are both
associated with lipodystrophy (224).

Diabetes can develop in association with
chromosomal aneuploidies of autosomes (e.g., Down
syndrome) or sex chromosomes (e.g., Klinefelter and
Turner syndromes). Syndromes of disordered aging
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such as Werner syndrome and Cockayne syndrome
are observed where diabetes can be exhibited.
Although Prader-Willi syndrome (PWS) patients are
massively obese, when diabetes develops it is most
commonly due to insulinopenia and not insulin resist-
ance (225,226). Typically children with PWS display
hypotonia and failure-to-thrive in the first 18 months
of life followed by massive weight gain thereafter due
to a voracious appetite and excessive eating. Findings
suggestive of PWS include delayed or deficient men-
tal development, a narrow forehead, almond-shaped
eyes, small hands and feet, tapered fingers, and hypo-
gonadism.

PWS results from mutations of genes on chromo-
some 15. Most cases result from a microdeletion event
although paternal chromosome 15 imprinting errors
without visible microdeletions can cause approxi-
mately 5% of cases of PWS. Microdeletions can be
sought using fluorescence in situ hybridization stu-
dies. Maternal imprinting errors of this same region
of the genome produce Angelmann syndrome (also
known as the ‘‘happy-puppet’’ syndrome).

Mutations on chromosome 2 can cause Wolfram
syndrome which appears to be inherited as an autoso-
mal recessive trait (227). Wolfram syndrome is also
knows as the ‘‘DIDMOAD’’ syndrome which sum-
marizes its clinical phenotype of diabetes insipidus
(DI), diabetes mellitus (DM), and optic atrophy-
deafness (OAD). The gene that causes Wolfram
syndrome has been cloned and is WFS1 (228). Ninety
percent of affected individuals display compound
heterozygous mutations of WFS1.

CLINICAL COMMENTARY

Lean individuals that present with acute-onset, ketotic
diabetes usually have autoimmune Type 1 diabetes
(229). Typically such patients have short histories of
weight loss, polyuria and polydipsia, and are lean
(Fig. 5). Because approximately 15% of obese minority
adolescents with Type 2 diabetes can present with dia-
betic ketoacidosis, ketoacidosis by itself is no longer a
sine qua non for Type 1 diabetes (230).

In lean individuals who develop early-onset, mild
(non-insulin requiring) diabetes who have a family his-
tory of diabetes in their parents and grandparents that
fits an autosomal dominant pattern of inheritance that
is not Type 2 diabetes, MODY should be considered
(231). The absence of islet autoantibodies in such cir-
cumstances also suggests MODY. In new-onset cases
of Type 1 diabetes, 95% or more of individuals will
exhibit at least one of the following autoantibodies:
ICA, GADA, IA-2A, or IAA (Vol. 1; Chap. 5 ). Afri-
can-Americans under age 40 who are diagnosed with
ADM and develop acute-onset diabetes that requires
insulin initially but later become non-insulin-depen-
dent, often have an autosomal dominant family
history of a similar form of diabetes (Fig. 6).

The proposed diagnostic algorithms depicted in
Figures 5 and 6 are meant to provide the clinician with
an approach to a patient with diabetes. The distinguish-
ing features of the different MODY types are
summarized in Table 3. Testing for MODY-3 or
MODY-1 through MODY-5 mutations is available from
various reference laboratories. New MODY mutations

Figure 5 This diagnostic algorithm has been rearranged for emphasis as described: this figure highlights a group of patients who do not clearly have T1DM

but may have T2DM or some other form of diabetes such as MODY or mitochondrial diabetes (e.g., nonT1DM). Abbreviations: T1DM, Type 1 diabetes mellitus;

T2DM, Type 2 diabetes mellitus; MODY, maturity-onset diabetes of youth.
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continue to be described (232–246). Likewise, transloca-
tions and gene inversions are now recognized causes of
MODY gene mutations (247). This is very important: a
normal DNA sequence does not exclude a gene inver-
sion or translocation that can cause, MODY. Genomic
evaluations would require the use of restriction frag-
ment length polymorphism analysis for recognition of
such mutations (248).

If there is non-insulin-dependent diabetes and a
family history of multiple affected siblings with
inheritance from the mother, a mitochondrial diabetes
syndrome can be considered. Diabetes can occur in a
variety of mitochondrial diseases such as LHON,
MELAS, and MERRF. Molecular analysis of the
mitochondrial genome is available from specialized
reference laboratories. In a Scandinavian study of
families with diabetes in two or more members with
age of onset before 45, 24% had MODY or maternally
inherited diabetes and deafness (249).

If insulin resistance is profound, Type A
insulin esistance is a clinical consideration. Type B
insulin resistance is usually associated with other
autoimmune conditions. Insulinopathic and hyper-
proinsulinemic diabetes does not usually present in
childhood. When diabetes is associated with lipodystro-
phy, CF, hemochromatosis, or other genetic syndromes,
the genetic syndrome is almost always clinically recog-
nized before the development of diabetes.

Pediatricians must be able to diagnose and treat
Type 1 and Type 2 diabetes. The incidence of Type 2
diabetes in children and adolescents is rising through-
out industrialized countries (250–253). If diabetes in a
child or adolescent cannot be classified as Type 1 or
Type 2, ‘‘other specific types of diabetes’’ must be con-
sidered. Among these conditions are several genetic
disorders that bear review such as MODY. With the
availability of genetic testing for MODY, it is possible
that MODY will become more widely recognized.

Figure 6 In individuals who do not have Type 1 diabetes but cannot be otherwise classified based upon the investigation utilized in Figure 5 (e.g., individuals

with nonT1DM), the algorithm returns to whether the patient is lean or obese, has a family history of T2DM or is insulin-resistant. The presence of diabetes,

obesity, a positive family history of T2DM and/or insulin resistance usually supports the diagnosis of T2DM. Patients with nonT1DM and nonT2DM can be

affected, in general, with either MODY or mitochondrial diabetes if other causes of secondary diabetes (e.g., ‘‘other specific types of diabetes’’) have been

excluded such as steroid-induced diabetes, cystic fibrosis-related diabetes, syndromic diabetes (e.g., Down syndrome, Prader-Willi syndrome, etc.), etc. MODY

and mitochondrial diabetes are initially differentiated according to their mode of inheritance. Among the MODY syndromes it is important to recall the following:

MODY-3 and MODY-2 are most common. If MODY-3 and MODY-2 have been excluded on a molecular basis, a search for MODY-1 mutations can be pursued. All

other forms of MODY are rare. The presence of nondiabetic renal disease and/or vaginal/uterine malformations is highly suggestive of MODY-5. Insulin-resistant

patients who are obese and have a family history of Type 2 diabetes likely have Type 2 diabetes themselves. Insulin resistance in the absence of obesity (and

lipodystrophy) may be due to type A (inherited ) or Type B (autoimmune) insulin resistance (R/o¼ rule out). Abbreviations: T1DM, Type 1 diabetes mellitus;

T2DM, type 2 diabetes mellitus; MODY, maturity-onset diabetes of youth.

Chapter 10: Maturity-Onset Diabetes of Youth and Other Genetic Conditions Associated with Diabetes 201



Although not commonly discussed, clinicians must
also consider the possibility that MODY mutations
may occur de novo in the absence of a family history
of MODY. The degree to which this occurs is yet to be
determined. We do know that MODY mutations are
uncommon in patients with Type 2 diabetes. Follow-
ing insulin resistance which is the most common
cause of GDM, MODY may be a more common cause
of GDM than autoimmune diabetes (254).

The diagnosis of MODY (or ADM) is important
because such individuals can generally be managed
with oral antidiabetic agents, freeing patients from
the requirement for daily insulin injections (255,256).
Nevertheless, long-term studies have not been carried
out to determine the optimal therapy of MODY.
Because of the milder nature of MODY when com-
pared with Type 1 diabetes, self-monitoring for
blood-glucose may not be required. This coupled with
the use of noninsulin therapies may save money in the
care of the diabetic individual, potentially justifying
screening for MODY in certain circumstances as dis-
cussed above (257).

Regardless of the etiology of the diabetes (e.g.,
genetic or nongenetic), because the frequency and
severity of complications relate to the degree and dur-
ation of hyperglycemia, all patients with diabetes
should strive to achieve an optimal hemoglobin A1c

(e.g., less than 6.5% to 7%) (258,259). For those famil-
ies diagnosed with a recognized MODY mutation,
unaffected family members can undergo genetic
screening to determine their risk for MODY (260).
Identification of the specific MODY mutation pro-
vides important information about the clinical
course of the disease, therapy, and prognosis. For
example, for individuals with well controlled MODY-3
who are insulin-treated, a trial of sulfonylureas should
be considered (261,262).

CONCLUSION

While the general pediatrician will rarely see forms of
diabetes other than Type 1 or Type 2 diabetes, these
practitioners must be aware that there are a large num-
ber of genetic and nongenetic causes of diabetes that are
currently classified as ‘‘other specific types of diabetes.’’
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INTRODUCTION

Insulin resistance syndrome (IRS), (metabolic syn-
drome, syndrome X) was first described by Reaven (1)
in 1988, as a result of tissue resistance to insulin and the
link between insulin resistance (IR) and obesity, Type 2
diabetes (T2DM), coronary artery disease, hyperten-
sion, dyslipidemia, and hyperuricemia. IRS has since
been expanded from this core phenotype and become
known by a variety of names, including metabolic
syndrome, dysmetabolic syndrome, and syndrome X.
Today, IRS has become increasingly recognized by
physicians as a matter of immense public concern
because of its frequency and impact upon the health
of those affected by it. IRS may affect more than 50%
of adults in the United States with even higher preva-
lences in the highly prone racial groups such as
African-Americans, Mexican-Americans, and Native
Americans (2). Studies suggest that IRS may originate
in utero (3–5). The association of low birth weight
and development of IR and, consequently, T2DM has
been confirmed in different populations (6,7). Longi-
tudinal studies have shown that children with
components of metabolic syndrome in childhood con-
tinue with them into adulthood where they acquire
more of them (8). Thus, they increase the medical and
economic burdens on society with their increased early
morbidity and mortality rates (9). Obesity plays a cen-
tral role in the development of IRS, which increases the
risk for development of T2DM and cardiovascular dis-
ease (CVD) including hypertension, hypercoagulation,
and atherosclerosis (10,11). Diabetes mellitus is rapidly
evolving as an epidemic of the 21st century closely fol-
lowing the dramatic rise in obesity rates. The presently
estimated worldwide number of 190 million persons
afflicted by T2DM is predicted to grow to over
300 million by the year 2025 (12). In the United States,
the estimated lifetime risk of diabetes for children born
in the year 2000 is more than one in three (13). The
increased incidence of T2DM in children parallels the
increase in the prevalence and severity of obesity in

children (14). According to the third National Health
and Nutrition Examination Survey (NHANES), 4% of
all adolescents and nearly 30% of overweight adoles-
cents in the United States have IRS (15). IR was found
to predict cardiovascular risk factors in young, healthy
adolescents, while body weight during childhood
was also observed to play an important role in
being predictive of risk factors for CVD (16). Thus,
current indications suggest that children born today
will live less healthy lives and will die earlier than
their parents.

EPIDEMIOLOGY

Obesity, which is the most common cause of IRS in chil-
dren and adolescents, is one of the most serious and
urgent public health problems, not only in the United
States but worldwide, and its prevalence is increasing
dramatically (17) (Vol. 1; Chap. 1). World Health Orga-
nization (WHO) declared obesity as a major public
health threat not only for industrialized countries but
also for developing countries (18,19). Today, WHO
finds itself needing to deal with the obesity pandemic
and its accompanying noncommunicable diseases
while paradoxically, the challenge of childhood malnu-
trition has far from disappeared (20). Recent data from
the 1999–2000 NHANES show that almost 65% of the
adult population in the United States is overweight
[body mass index (BMI) ranging from 25 to 29.9 kg/
m2], compared to 56% seen in NHANES III conducted
between 1988 and 1994 (21). The prevalence of obesity
(BMI�30 kg/m2) has also increased from 23% to 31%
over the same time period. NHANES III conducted
between 1988 and 1994 also included a group of
adolescents aged 12 to 19 years (n ¼ 2430) for the esti-
mated prevalence of IRS. According to NHANES III,
the prevalence of IR was 6.8% among overweight
adolescents and 28.7% among obese adolescents (15).

The telephone survey of 195,005 of those adults
aged 18 years or older in 2001 who were overweight
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or obese showed significant risks for diabetes, hyper-
tension, and high cholesterol levels (22). Since 1991, the
prevalence of diabetes has increased by 61%. In the
latter study, those with a BMI of 40 or higher when com-
pared to adults with BMIs less than 24.9 kg/m2, have
been found to be 7.4 times more likely to develop dia-
betes, 6.4 times more likely to have hypertension, and
1.9 times more likely to have hypercholesterolemia (22).
In addition, the death rates from all cancers combined
were 52% (for men) and 62% (for women) higher in
those who had BMIs of 40 or above over the rates
in men and women of normal weights (23,24).

The prevalence of childhood obesity continues
to increase at a rapid rate as well. Data from the Inter-
national Obesity Task Force indicate that 22 million of
the world’s children under five years of age are over-
weight (BMIs greater than 85th percentile for age and
sex) or obese (BMI greater than 95th percentile for age
and sex) (25,26). Comparison of cross-sectional data
from school-based surveys conducted in 1997 and
1998 describing body size among a total of 29,242 ado-
lescent boys and girls aged 13 and 15 years in 13
European countries plus Israel and the United States,
showed that the United States, Ireland, Greece, and
Portugal had the highest prevalence of overweight
adolescents (27). In China, the prevalence of obesity
is also increasing (28). A recent study from China
reported that the prevalence of obesity for children
was 27.7% in boys and 14.1% in girls (29). In the
United States, comparative data obtained in 1965
and 1980 showed a 67% increase in obesity among
male children and a 41% increase among female chil-
dren aged 6 to 11 years (30). The most recent
report from NHANES, between 1960 and 2002, indi-
cates that mean weight and BMI have increased
dramatically for both sexes, all race/ethnic groups,
and all ages (31). The life expectancy in young obese
adults is significantly reduced by 5 to 10 years (32).
In one study, the risk of adult obesity was at least
twice as high for obese children as for nonobese chil-
dren (33). Other studies also showed that overweight
children are more likely to become obese adults
(34,35). Thus, most obese children usually do not
grow out of it (Vol. 1; Chap. 1)!

Many of the metabolic and cardiovascular
complications associated with obesity, namely, hyper-
tension, T2DM, and dyslipidemia, are already present
during childhood and are closely linked to concomi-
tant hyperinsulinemia and IR (15,36). In former
years, T2DM was predominantly diagnosed in mid-
dle-aged or older people. The first alarming effect of
increased pediatric obesity was reported in the late
1990s suggesting the increased incidence and preva-
lence of T2DM in children (37). Impaired glucose
intolerance (IGT) is highly prevalent among children
and adolescents with severe obesity, irrespective of
their ethnic group, and is associated with IR at this time
when b-cell function is still relatively well preserved
(38). However, severely obese children and adolescents
with IGT are at very high risk for developing T2DM

over a short period of time (39). Data from the United
States indicated that 8% to 45% of recently diagnosed
cases of diabetes in young children were due to
T2DM (40). In Japan, the incidence of T2DM increased
fourfold in 6 to 15-year-olds, outnumbering those
afflicted by T1DM in the United States (41). In March
2004, the Centers for Disease Control and Prevention
(CDC) reported that in 2000, deaths due to poor diet
and physical inactivity were 16.6% of all deaths, which
nearly equaled deaths from cigarette smoking (18.1%
of all deaths) as the two leading causes of death
(having modifiable behavioral risk factors).

Treatment of overweight and its complications
are costly. The increasing prevalence of obesity trans-
lates into increasing medical care and disability
costs. IR alone is responsible for 46.8%, 6.2%, and
12.5% of the annual coronary heart disease (CHD)
events in T2DM, non-T2DM patients, and in the total
U.S. population, respectively. The annual total cost of
IR-attributable events in the United States was esti-
mated to be $12.5 billion in 1999, of which $6.6
billion were direct medical costs. The annual cost
of diabetes in medical expenditures climbed from
$98 billion in 1997 to $132 billion in 2002 with
additional costs linked to lost productivity. The
direct medical costs of diabetes more than doubled
in that time, from $44 billion in 1997 to $91.8 billion in
2002 (42). As mentioned, most diabetics have under-
lying IR. On the other hand, a modest weight
reduction of 5% to 10% can significantly decrease
the risk of complications from IR (43). Increases in
incidences of T2DM may be preventable with simple
measures such as age-appropriate exercise and diet
programs. When 522 overweight Finns with IGT
were randomized to the intervention group (an
intensive exercise and diet program), or the control
group, there was a 58% reduction in the progression
to diabetes in the intervention group over a mean
period of 3.2 years (44). Similarly, the Diabetes Pre-
vention Program trial in the United States, which
involved 3234 nondiabetic individuals with IGT,
showed that the lifestyle intervention reduced the
progression of diabetes by 58% and metformin by
31% as compared to placebo-treated control group
(45). Thus, a major effort to control childhood obesity
and treatment of IRS must be mounted at all levels
of health care delivery.

PATHOPHYSIOLOGY OF IR
IR in Relation to Obesity

There is a strong association between obesity and IRS
(Fig. 1). Today’s diet consists of large amounts of satu-
rated fats and simple carbohydrates that are
consumed from early childhood. This diet contributes
to the development of hyperinsulinemia and obesity.
The epidemic of obesity and diabetes closely follows
U.S. commercially driven drink and food sources,
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leading to the consumption of large amounts of sodas
and fruit juices, and foods with a high glycemic index
(GI) (Vol. 1; Chap. 2). Dietary carbohydrates (and fats)
induce hyperinsulinism, a reduction in fatty acid
(FA) oxidation, and hypertryglyceridemia. Diets rich
in saturated fats add a strong insulinotropic effect. In
many children, obesity and IR can be seen to precede
the development of hyperinsulinism; however, others
develop IR without first becoming obese. Hyperinsuli-
nemia can thus be seen as a compensatory mechanism
for the preexisting, genetically programmed IR, which
represents a mechanism for protection against the
development of IGT and diabetes.

Increased insulin secretion leads to increased FA
synthesis in the liver and adipose tissues. A compensa-
tory increase in glucose oxidation and increased
malonyl-coenzyme A (CoA) signaling in the face of
abundant FAs direct an FA diversion away from
b-oxidation to compensatory increases in long-chain
CoA and triglyceride (TG) synthesis in the liver. TG
in the blood is a marker of intracellular hepatic
long-chain CoA accumulation and increased very-
low-density lipoprotein (VLDL) synthesis. Normally,
appetite can be suppressed by both leptin and insulin;
however, diets high in fat stimulate appetite directly.
The liver, in turn, becomes insensitive to compensa-
tory leptin-signaling to increase b-oxidation, which is
blocked in IR because of high levels of accumulating
malonyl CoA. Elevated levels of malonyl CoA block
FA b-oxidation, leading to TG accumulation in muscle
and liver, with impaired serine phosphorylation of
insulin receptor substrate-1 (IRS-1), decreased glucose
transporter (GLUT)-4 translocation to the surface
membrane, and thereby decreased glucose entry to

the cell and glucose oxidation. In the islets, these events
lead to activation of caspases and increased ceramide
levels inducing apoptosis of b-cells. T2DM thus results
when there is insufficient insulin secretion to counter
preexisting IR. This is consistent with the United
Kingdom Prospective Diabetes Study findings of pro-
gressive deterioration of b-cell function over time in
both obese and nonobese patients with T2DM (46).

In experimental rats and human patients, IR is
correlated with total muscle TG, as measured in
biopsy samples, especially when intramyocellular fat
is the measured variable. Also, tight positive correla-
tions were found between the TG content of skeletal
muscle, liver, and whole pancreas, and variables such
as the plasma insulin concentration, b-cell function,
and IR in a variety of rat models with very different
fat contents (47).

Mechanisms Underlying IR

& A central eating disorder versus peripheral metabolic
disorder

& Satiety signaling: central vs. peripheral signaling

The regulation of food intake and energy bal-
ance is best described as a feedback loop (48). This
feedback loop consists of mainly neuroendocrine
components.

1. The afferent system, which regulates food intake and
satiety via afferent neural (e.g., vagus nerve) and hor-
monal [leptin, insulin, ghrelin, peptide YY (PYY), etc.]
signaling from the gastrointestinal tract to the hind-
brain.

2. The central nervous system (CNS) processing unit
located in the ventromedial hypothalamus (ventrome-
dial and arcuate nuclei), paraventricular nucleus, and
lateral hypothalamus.

3. The efferent system, which coordinates energy expendi-
ture versus energy storage.

4. The nonendocrine component, which is a primary
component of energy absorption and metabolism (gut
and liver).

The hypothalamus, especially the arcuate
nucleus, plays a crucial role in the control of energy
balance and the feeding behavior in this loop. The
hypothalamus integrates both central and peripheral
signals and exerts homeostatic control over food
intake and energy expenditure, communicating with
the hindbrain structures including the nucleus tractus
solitarius for integration of peripheral signals (Fig. 2)
(49). The arcuate nucleus of hypothalamus receives
signals from anabolic and catabolic pathways. Both
anabolic and catabolic pathway neurons in arcuate
nucleus of hypothalamus express insulin receptors
(IR-1) (50) as well as leptin receptors (51). Insulin and
leptin are key factors in circulating signals to the hypo-
thalamus in communicating food intake and energy
expenditure to maintain body-fat deposition.

The anabolic pathway neurons coexpress neuro-
peptide Y/Agouti-related protein (NPY/AgRP) (52).

Figure 1 Relationship with obesity and development of IRS and Type 2

DM. Abbreviations: FFA, free fatty acids; TNF-a, tumor necrosis factor-a;

IL-6, interleukin-6; PAI-1, plasminogen activator inhibitor 1; FA, fatty acid;

IMCL, intramyocellular lipids.
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Catabolic pathway neurons are called pro-opiomela-
nocortin (POMC)/cocaine amphetamine-regulated
peptide (CART) neurons. Both pathways receive pro-
jections from neurons in other brain areas and receive
signals from anorexigenic and orexigenic neuropep-
tides to regulate energy balance (Table 1). Insulin
acts as a mediator in the communication between
the peripheral endocrine system and the CNS via neu-
roendocrine axis (53,54). There is growing evidence
that there is an intracellular interaction between leptin
and insulin signaling, and both insulin and leptin
signals circulate in proportion to body adiposity and
act in the hypothalamus to stimulate catabolic and
inhibit anabolic pathways (55–59). In animal models,
injections of insulin into the hypothalamus or ventri-
cles result in inhibition of food intake (anorexigenic
effect) with concomitant weight loss (60,61). Like insu-
lin, leptin stimulates POMC/CART receptors and
releases a-MSH. The increased a-MSH stimulates mel-
anocortin-3 receptor (MC3R)/melanocortin-4 receptor
(MC4R) to reduce food intake and increase energy
expenditure by activating the sympathetic nervous

system (62). The central melanocortin system is a
key mediator of the catabolic effects of insulin in the
brain. Insulin, along with leptin and glucocorticoids,
regulates the synthesis and release of NPY in the
hypothalamus (63). Insulin and leptin both directly
inhibit NPY/AgRP, further limiting feeding and
providing for unantagonized MC4R occupancy.
Reduced numbers of insulin receptors in experi-
mental animal models result in increased food
intake and, consequently, weight gain consistent with
elevated NPY levels (60,64). Insulin has both short-
term (inhibitory effect on food intake) and long-term
(defense energy store) effects, given its responsivity
to minimize glucose levels after food intake (65–67).

In addition to this long-term regulation of energy
balance with insulin and leptin, short-term regulation
on a meal-to-meal basis is secured by several gut hor-
mones such as peptides secreted from the stomach
and gut: cholecystokinin, ghrelin, glucagon such as
peptide-1 [glucagon-like peptide-1 (GLP-I)], orexins,
oxyntomodulin, PYY3–36, pancreatic polypeptide
(PP), and gastric inhibitory polypeptide (also known as
glucose-dependent insulinotropic polypeptide) (68–71).
The gastrointestinal tract uses these peptides and
neural pathways (primarily vagus nerve) to communi-
cate with the hypothalamus and the hindbrain to
maintain energy balance. For example, PYY3–36 pro-
duced by the L-cells of the small intestine reduces
food intake by 30% when injected into lean or obese
subjects (70). Cholecysokinin is a classical satiety hor-
mone and secreted by duodenum and jejunum in
response to the presence of food in the gut lumen (49).
In humans, intravenous (IV) infusion of cholecystoki-
nin suppresses food intake and causes earlier meal
termination. Ghrelin is produced by the stomach and
proximal small intestine during fasting and stimulates
NPY/AgRP to antagonize a-MSH. Therefore, lack of
anorexigenic pressure on MC4Rs results in increased
food intake (69). Several studies demonstrate that
glucose and insulin may play a role in the regulation
of ghrelin levels (72,73). An inverse relationship

Table 1 Hypothalamic Orexigenic and Anorexigenic Neuropeptides for the

Regulation of Energy Homeostasis

Orexigenic Anorexigenic

Agouti-related protein a-Melanocyte-stimulating hormone

Neuropeptide Y Melanocortin-3 receptor/

melanocortin-4 receptor

GABA Insulin

Galanin Amylin

Ghrelin Cocaine amphetamine-regulated

peptide

Glutamate CRH

Norepinephrine Bombesin

Melanin concentrating hormone Angiotensin II

b-endorphin Glucagon-like peptide-1

Dynorphin Leptin

Met-enkephalin Peptide YY

Orexins Serotonin

Dopamine

Neurotensin

Figure 2 Simplified representation of potential action of gut peptides on

the hypothalamus. Access of circulating agents into the arcuate nucleus

of the hypothalamus is facilitated by a relaxed blood–brain barrier. Primary

neurons in the arcuate nucleus contain multiple peptide neuromodulators.

Appetite-inhibiting neurons contain POMC peptides such as a-MSH, which

acts on MC3 and MC4 receptors and CART peptide, whose receptor is

unknown. Appetite-stimulating neurons in the arcuate nucleus contain

NPY, which acts on Y receptors (Y1 and Y5), and AgRP, which is an antag-

onist of MC3/4 receptor activity. Integration of peripheral signals within the

brain involves interplay between the hypothalamus and hindbrain structures

including the NTS, which receives vagal afferent inputs. Inputs from the cor-

tex, amygdala, and brainstem nuclei are integrated as well, with resultant

effects on meal size and frequency, gut handling of ingested food, and

energy expenditure. Note: !, direct stimulatory; —-j, direct inhibitory;

- - -> , indirect pathways. Abbreviations: POMC, proopiomelanocortin;

a-MSH, a-melanocyte-stimulating hormone; MC, melanocortin; CART,

cocaine- and amphetamine-stimulated transcript; NPY, neuropeptide Y;

AgRP, agouti-related peptide. Source: From Ref. 49.
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between fasting ghrelin and insulin levels, and IR has
been reported (74,75). Ghrelin levels are, however,
markedly elevated in Prader-Willi syndrome (76) and
are dramatically reduced after gastric bypass surgery
(77). PP is released from the pancreas in response to
ingestion of food. Plasma PP levels have been shown
to be reduced in conditions associated with increased
food intake and elevated in patients with anorexia ner-
vosa. Peripheral administration of PP has been shown
to decrease food intake in rodents (70). The pharma-
ceutical industry is working to develop analogs at
several key points of satiety regulation.

Muscle, Liver, Adipose Tissue, and Adipocytokines
and Their Roles in IR

Glucose homeostasis is maintained by three tightly
related processes: (i) insulin secretion by pancreatic
b-cells, (ii) insulin action on stimulated glucose uptake
by liver, gut, and peripheral (primarily muscle) tissues,
and (iii) suppression of hepatic glucose output (78).
Insulin receptors in the liver, muscle, and adipose
tissue are normally exquisitely sensitive to insulin.

The primary site of glucose disposal (approxi-
mately 80–85%) after a glucose-containing meal is
skeletal muscle, and the primary mechanism of glu-
cose storage is through its conversion to glycogen.
Studies using the hyperinsulinemic–euglycemic
clamp technique have demonstrated that decreased
insulin-stimulated glucose disposal and reduced gly-
cogen synthase activation in subjects with IR could
be secondary to a defect in glycogen synthesis (79).
The peripheral glucose disposal measured by a hyper-
insulinemic–euglycemic clamp technique is lower
for the level of hyperinsulinemia in IR subjects with
obesity or T2DM (80).

Although skeletal muscle is the principal site of
insulin-stimulated glucose uptake in peripheral
tissues, adipose tissue, liver, and endothelial cells also
develop IR (81). Multiple studies demonstrated that
increased fat accumulations in the muscle, liver, and
visceral depots are highly correlated with the devel-
opment and severity of IR (82–84).

Among nondiabetic subjects in the postabsorp-
tive condition, total body endogenous glucose output
variability is wide and is largely dependent upon the
amount of lean body mass. This in turn explains differ-
ences in total endogenous glucose output due to sex,
obesity, and age (85). Hyperinsulinemia inhibits hep-
atic glucose output (86) by acting either directly
through the insulin receptor or indirectly as a conse-
quence of a reduced release of gluconeogenic substrates
[e.g., lactate, alanine, glycerol, and free FAs (FFAs)],
both in the muscle and in the liver (78).

In addition to the muscle and the liver, adipose
tissue is the third site of insulin action. Although
insulin-stimulated glucose disposal in fat tissue is
negligible compared with that in the muscle, the
release of glycerol and FFAs following lipolysis has

major implications for glucose homeostasis. Recent stu-
dies suggest that an increase in intracellular FFAs alter
insulin signaling, resulting in decreased insulin-
stimulated IRS-1-associated phosphatidylinositol
3-kinase (PI-3K) activity and decreased glucose trans-
port (87). As visceral fat tissue increases, the rate of
lipolysis rises, leading to increased FFAs and glycerol
mobilization through its portal drainage, with conse-
quent increase in FFA oxidation in the muscle and
the liver. In turn, glucose use by muscle decreases as
FFAs are used as an alternate source of energy, hepatic
lipogenesis increases, and glucose oxidation decreases
(88). Finally, the glycerol released during TG hydrolysis
serves as a gluconeogenic substrate (89). Consequently,
resistance to the antilipolytic action of insulin in
adipose tissue resulting in excessive release of FFAs
and glycerol results in hyperglycemia and impaired
glucose tolerance.

Adipose tissue is a highly active metabolic and
endocrine organ and is critically involved in energy
homeostasis by the production of a number of peptide
hormones and cytokines (90,91): leptin, adiponectin,
resistin, tumor necrosis factor-a (TNF-a), plasminogen
activator inhibitor-one (PAI-1), interleukin-6 (IL-6),
angiotensinogen, and the peroxisome proliferator-
activated receptor-g (PPAR-g) (92–97). Of the above,
leptin and adiponectin are two of the most important.

Leptin levels are higher in subcutaneous fat
and show greater correlations with subcutaneous than
with visceral adiposity (98). Animal models clearly
demonstrated the relationship between leptin and IR.
Leptin-deficient rodents are markedly (five- to sixfold)
obese, hyperinsulinemic, and hyperglycemic (99),
while administration of leptin reverses hyperglycemia
and hyperinsulinemia (100). Recently, it was proposed
that leptin might also play a role in the prevention of
FFA entry and fat accumulation in peripheral tissues
such as skeletal muscle and liver (101). Low leptin
levels are found in the absence of adipose tissue in gen-
eralized lipodystrophy. As it is well known, low leptin
levels correlate with IR, and patients with IR are also
leptin-resistant because leptin levels are high in obesity.
Studies in animal models of lipodystrophy have shown
that exogenous leptin administration (102), or surgical
implantation of normal adipose tissue (103), reversed
IR and diabetes, and that was independent of caloric
restriction. Similar findings were observed in patients
with severe lipodystrophy. Chronic leptin treatment
in patients with severe IR and lipodystrophy improved
insulin-stimulated hepatic and peripheral glucose
metabolism, and reduced hepatic and muscle TG
content (104).

Adiponectin is highly and specifically expres-
sed in differentiated adipocytes and has insulin
sensitizing, anti-inflammatory and antiatherogenic
properties (105). There is a strong inverse association
between adiponectin and obesity (106,107), and
inflammatory states (108). In the liver, adiponectin
increases the sensitivity of insulin to inhibit gluconeo-
genesis (109) and regulates hepatic FFA metabolism
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in vivo by suppression of lipogenesis and activation
of FFA oxidation (110). Circulating adiponectin levels
seem to correlate more with hyperinsulinemia and
IR than degree of obesity or body fat (107). In case-
control studies, low plasma adiponectin was an
independent risk factor for future development of
T2DM (111) but not for obesity (112). Animal studies
have shown decreased adiponectin levels before the
onset of obesity and IR (113) and administration of
adiponectin ameliorated metabolic parameters in
these conditions (114). The mechanisms by which
adiponectin may ameliorate IR have not been fully
elucidated.

Resistin (a hormone inducing resistance to
insulin) is another adipose tissue-derived polypeptide
that has effects on insulin action, potentially linked
to obesity and IR (115). It is also an effective proin-
flammatory agent. Resistin levels were found to be
elevated in obese mice (93). Administration of resistin
in normal mice induces IR in the liver but not in the
muscle (110). However, immunoneutralization of
resistin reverses IR (110). Some studies showed that
exposure to thiazolidinediones (TZDs), PPAR-g
agonists, reduced resistin gene expression (90), but
not other studies (116). Similarly, reduced resistin
levels were found in obese and IR rodents (116). The
role of resistin in obesity-associated IR remains
controversial.

TNF-a is an adipocyte-derived proinflammatory
cytokine that has a central role in IR. Increased TNF-a
production has been observed in adipose tissue
derived from animal models of obesity and IR as well
as human subjects (117,118) even in the presence of
weak correlations between IR and plasma TNF-a.
Weight loss decreases TNF-a levels (119). TNF-
impairs insulin signaling by inhibiting the function
of IRS-1 through serine phosphorylation (120). In vitro
and in vivo studies have shown that the inhibitory
effects of TNF-a on insulin action are, at least in part,
antagonized by TZDs, further supporting the impor-
tant role of TNF-a in IR (121,122).

IL-6 is one of several proinflammatory cytokines
that have been associated with IR. It is secreted by many
cell types, including immune cells, fibroblasts, endo-
thelial cells, skeletal muscle, and adipose tissue. The
association of IL-6 and IR is supported by epidemiologi-
cal and genetic studies. Plasma IL-6 levels in humans
positively correlate with obesity and IR (112), and the
severity of glucose intolerance and inflammation
(123,124). Furthermore, plasma IL-6 levels predict
future myocardial infarction and T2DM (123–125).
IL-6 impairs insulin signaling in hepatocytes (96) and
it also decreases adiponectin secretion (126). In addition,
IL-6 increases circulating FFAs (from adipose tissue)
with their well-described adverse effects on insulin
sensitivity (Si) (84).

PPAR-g is mainly expressed in adipocytes, intes-
tinal endothelium, macrophages, Type II pneumocytes,
bladder, breast, and prostate (127–129). PPAR-g
is a potent regulator of adipogenesis (129). The

insulin-sensitizing TZDs have been shown to improve
insulin action with increased peripheral (primarily
muscle) glucose uptake, indicating the presence of
skeletal muscle PPAR-g receptors (130,131). Treatment
with TZDs promotes weight gain in humans and,
although some have suggested this to be a conse-
quence of improved Si, it is possible that
lowering circulating insulin levels per se actually
diminishes its anabolic activity. An alternative and
more plausible hypothesis is that PPAR-g agonists
improve Si by promoting adipogenesis and postpran-
dial FA/TG storage within adipocytes, both of which
are likely to increase adipose tissue mass (132). Several
studies have shown that the increase in body weight
associated with TZD treatment is mediated principally
by accumulation of subcutaneous fat, whereas
visceral adipose tissue volume is reduced or
unchanged (133).

Pancreatic b-Cell Response to IR

IR and obesity are characterized by increased insulin
levels to maintain normal glucose tolerance. Several
potential mediators have been suggested to be signals
for the b-cells to respond to IR such as glucose, FFAs,
autonomic nerves, adipose tissue-derived hormones
and the gut hormone GLP-1, and islet cell amylin. Fail-
ure of these signals or the pancreatic b-cells to
adequately adapt insulin secretion in relation to Si
results in inappropriate insulin levels, IGT, and T2DM
(134). The response of the b-cells to glucose in the setting
of IR is increased insulin levels and insulin secretion
rates (135). Further studies have showed that this hyper-
insulinemia results from both increased secretion and
reduced clearance of insulin. Kahn et al.(136) detected
an inverse relationship between Si and insulin secretion,
demonstrating b-cell compensation for IR. Furthermore,
the relationship between insulin secretion and Si is best
described as a hyperbolic function; insulin secretion is
increased in reduced Si and decreased in increased
Si (136–138) (Fig. 3). The product of Si and insulin
secretion is a constant referred to as the glucose
disposition index (DI) (136). When IR increases, first-
phase insulin release increases proportionately to
maintain normal glucose tolerance. This compensatory
hypersecretion of insulin reflects expansion of b-cell
mass and also expression of key enzymes for glucose
metabolism. These mechanisms have been demon-
strated in animal models—the Zucker fatty rat is
obese and insulin resistant, but has sufficient b-cell
compensation to prevent the onset of diabetes. In con-
trast, the Zucker diabetic fatty rat is obese and insulin
resistant and develops overt hyperglycemia associated
with a failure of adequate b-cell mass expansion in the
face of IR (139).

Similar findings have been observed in humans,
that b-cell function initially compensates for IR, but
as glucose tolerance deteriorates, early defects in b-cell
function appear. By the time diabetes becomes evi-
dent, b-cell function is already markedly impaired
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(Vol. 1; Chap. 5). Very early changes in b-cell function
can often be demonstrated in subjects with normal glu-
cose tolerance at high risk of diabetes. Normoglycemic
women with a history of gestational diabetes are often
at high risk of developing T2DM. Studies in those
subjects demonstrated reduced first-phase insulin
response to normal insulin secretory response to
IV glucose infusion, indicating early b-cell dysfunc-
tion (140). When IGT develops, first-phase insulin
response continues to decrease in relation to degree
of insulin resistance, and the coordination of insulin
secretory response is lost during oscillatory glucose
infusion (141). Although in subjects with IGT, there is
a normal ability of a low-dose glucose infusion to
prime the insulin secretory response to a subsequent
glucose stimulus, in diabetic subjects it is reduced or
absent (142).

Evaluation of b-cell dysfunction in individuals at
the risk of developing diabetes but with normal glu-
cose levels is difficult. One approach to this problem
is administration of glucocorticoids, FFAs, or TZDs,
which aggravate or improve IR (143). As described
previously, FFAs have an effect on the induction of
IR in muscle and liver (84).

Recently, Ahren et al. described a linear
relation between fasting PP levels and the Si in
Caucasian females with normal glucose tolerance by
the hyperinsulinemic, euglycemic clamp technique (134).
The gut hormone GLP-1 in humans has been shown
to be potent at augmenting glucose-stimulated insu-
lin secretion. In animal models, IV infusions of GLP-1
significantly reduce short-term food intake (144).
Similar findings observed in humans suggest an

important role for GLP-1 in the regulation of the
early satiety response (145). GLP-1 stimulates differ-
entiation and proliferation of b-cells while inhibiting
apoptosis. These actions will increase the b-cell mass
and function over a long-term period, which may,
in turn, prevent progression to T2DM (146). The neu-
roendocrine hormone amylin, cosecreted with insulin
from pancreatic b-cells in response to nutrient inges-
tion, is a short-term satiating peptide. However,
there is some evidence that basal amylin levels might
play a role in the long-term control of food intake
and/or body weight. Animal models have shown
that amylin decreases food intake, suppresses
postprandial glucagon concentrations, and delays
gastric emptying (147–149). Amylin seems to be a
necessary and complementary factor to insulin,
which regulates the rate of glucose disappearance.
In this sense, amylin and insulin are adjunctive
players in the control of nutrient fluxes, and the
control of feeding behavior (150).

Adrenal Glucocorticoids and IRS

Metabolism of the adrenal steroids in adipose tissue
may provide an important mechanism for the increase
in visceral fat in IR. Excessive glucorticoid exposure as
a result of either endogenous overproduction (i.e.,
Cushing’s syndrome) or exogenous administration
results in central adiposity, IR, dyslipidemia,
hypertension, and glucose intolerance (151). Several
steroidogenic enzymes are expressed in adipose tissue
including the cytochrome P450-dependent aromatase,
3b-hydroxysteroid dehydrogenase (HSD), 3a-HSD,
11b-HSD1, 17b-HSD, 7a-hydroxylase, 17a-hydroxy-
lase, and 5a-reductase,(152). Importantly, 11b-HSD1 is
highly expressed in adipose tissue, particularly in
visceral adipose tissue (153). 11b-HSD1 converts inac-
tive 11b-ketoglucocorticoid metabolites (cortisone) to
active 11b-hydroxylated metabolites (cortisol) in
humans (154). Growth harmone (GH)[and/or insulin-
like growth factor (IGF) -1] was suggested recently to
inhibit 11b-HSD1, whereas in obesity, GH levels are
decreased, leading to higher 11b-HSD1 activity (155).
11b-HSD1 knockout mice have been shown to resist
diet-induced IR and hyperglycemia (156). Over-
expression of 11b-HSD1 was shown associated with
visceral obesity and IR (157). Therefore, dysregulation
of glucocorticoid metabolism by 11b-HSD1 has been
implicated in obesity, diabetes, hypertension, dyslipi-
demia, hypertension, polycycstic ovarian syndrome
(PCOS), etc. (Vol. 2; Chap. 13) (154,158). Clinically, we
have repeatedly observed increased abdominal striae
and biochemically increased urinary free cortisol levels
in obese patients at the time of adrenarche associated
with rapid weight gain, suggesting increased cortisol
secretion and turnover in obese children approaching
their adolescence.

Patients with Cushing’s syndrome have high
levels of serum cortisol, and the patient with IRS has
low-to-normal levels of cortisol, albeit both having

Figure 3 The hyperbolic relation between insulin sensitivity and insulin

secretion. Glucose tolerance is impaired if an individual is located below

the hyperbolic line and good if an individual is located above the line. This

is illustrated as the move from the normal hyperbolic line along the black

arrow to the dot (representing impaired glucose tolerance, IGT) or the black

dot (representing Type 2 diabetes). Therapeutic approaches should aim at

restoring the normal relation between insulin sensitivity and insulin

secretion, i.e., to return the subject to the hyperbolic curve, as illustrated

by the gray arrows. Source: From Ref. 138.
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increased levels of urinary free cortisol. The explanation
lies in the decreased levels of corticosteroid-binding
globulin (CBG) found in IRS, where circulating cortisol
is disproportionately free and bioactive, with increased
conversion of cortisone to the metabolically active
cortisol. The clinical distinction between patients with
Cushing’s syndrome and IRS is that the former patient
is invariably growth retarded (Vol. 2; Chap. 8), in con-
trast to the child with IRS in whom linear growth is
excessive as explained below.

The impact of increased adipose 11b-HSD1 in
humans remains unclear although we believe that it
is of great importance. Pharmacological inhibition of
11b-HSD1 by carbenexolone enhances hepatic Si and
it may play a role in the future for the treatment of
central obesity/IRS (151).

Puberty and IRS

Puberty is a state of increasing IR. While IR is usually
well compensated by hyperinsulinemia in children,
we find progressive failure of such compensation
through puberty with rising glucose and TG levels,
and increasing frequencies of glucose intolerance and
T2DM. Weyer et al.(159) followed 48 Pima Indians
with normal glucose tolerance for five years, and 17
progressed from normal glucose tolerance through
IGT to diabetes. In these progressors, insulin secretion
declined by 78%, whereas Si declined by 14%. In the
31 individuals who did not develop diabetes, a similar
11% decrease in Si was associated with a 30% increase
in insulin secretion rather than a decrease. The latter
31 individuals had compensated IR. Compensated
hyperinsulinism, however, can lead to numerous
complications from fatty liver and atherosclerosis to
increased cancer risk. It is thus increasingly obvious
that this sequence of events will be most easily
interrupted at the earliest phases of life, during pre-
adolescent childhood.

Ovarian Hormonal Responses to IR

IR can present with premature adrenarche in child-
hood and later in life as a component of PCOS with
signs and symptoms of hyperandrogenism (hirsutism,
acne, and/or male pattern balding), menstrual
irregularity, and infertility. Both insulin and IGF-1
potentiates ovarian hyperandrogenism by increasing
the luteinizing hormone (LH) responsiveness to
gonadotropin-releasing hormone (GnRH) to stimulate
the production of androgens from ovarian theca cells
(160). These effects are mediated through induction of
ovarian 17-hydroxylase and 17, 20-lyase activities,
suppressing plasma sex hormone–binding globulin
(SHBG) and CBG levels, and inhibiting both estradiol-
and T4-stimulated SHBG production (161). SHBG
levels in the circulation are characteristically
low, resulting in increased bioavailability of circulat-
ing androgens. Free androgens increase the
frequency of GnRH pulses and the ratio of LH to

follicle-stimulating hormone, thereby exacerbating
thecal androgen production.

Ovarian and adrenal steroidogenesis functions
as if responding to the hyperinsulinemic state in IR,
despite resistance to the effects of insulin on glucose
metabolism (162). This paradox of selective IR has
been documented. There is an abnormal glucose
disposition in PCOS fibroblasts but normal insulin-
mediated mitogenesis (163), while steroidogenesis
by PCOS granulosa cells remains responsive to insu-
lin. IR in the ovary is thus related to the metabolic
effects of insulin on glucose uptake and metabolism,
whereas the steroidogenic action of insulin remains
intact (164). Responses of granulosa-lutein cells from
women with anovulatory PCOS are relatively resistant
to the effects of insulin-stimulated glucose uptake and
utilization compared with those from normal and
ovulatory PCOS, while maintaining normal steroido-
genic output in response to physiological doses of
insulin. These studies support the probability of a
post-receptor, signalling pathway-specific impairment
of insulin action in PCOS (164). Particularly, the P13
kinase, but not mitogen-activated protein (MAP)
kinase, pathways have been suggested as a potential
mechanism. It is proposed that defective insulin-recep-
tor tyrosine phosphorylation secondary to an increase
in competitive serine phosphorylation acts as a mech-
anism to promote IR while stimulating androgen
secretion by the ovaries. All treatments that lower insu-
lin levels reduce levels of androgens. Reducing IR by the
administration of metformin, PPAR-g agonists, D-chiro-
inositol, or leptin lowers serum-free testosterone
concentrations, reduces cytochrome P450c17 (17-hydro-
xylase) activity, and improves SHBG levels, resulting in
slowed bone maturation and adrenarche (161).

Small for Gestational Age, Prematurity, and IR

The development of adipose tissue in the fetus begins
in the mid- to late third trimester. Infants born small
for gestational age (SGA) appear to be at an increased
risk of metabolic disorders such as T2DM, IRS,
visceral obesity, dyslipidemia, and CVD (165,166)
(Vol. 1; Chap. 12). In this phenomenon, later amplified
as ‘‘thrifty-phenotype hypothesis,’’ survival of the
undernourished fetus requires endocrinologic and
metabolic adaptations that may include shunting of
important fuels to the developing brain at the expense
of tissues such as muscle and pancreas, resulting in IR
and blunting the growth effects of insulin. In our
African-American and Hispanic IR patients in parti-
cular, moderate SGA has been startlingly common (167).
In rat models, intrauterine growth retardation (IUGR)
induced an impaired oxidative phosphorylation in
skeletal muscle with a diminished uptake of glucose,
which contributes to IR and hyperglycemia of T2DM
postnatally, particularly if they are fed high calorie
diets postnatally (168). Similarly, in humans, the risk
of IR is particularly apparent when an SGA newborn
undergoes rapid postnatal weight gain to obesity.
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The Early Bird Study suggested that IR at five years
was related to weight catch-up growth rather than
low birth weight, especially in girls (169). Such
growth patterns following fetal growth restraints
are associated with maternal uterine factors such as
primaparity, smoking, calorific restrictions in the
maternal diet, maternal IRS, and gestational diabetes.
Alternatively, if an inherited IR state was manifested
in utero, then diminished fetal growth with SGA
might be anticipated because insulin is a powerful
prenatal GH. In many of the families we have stud-
ied in whom we have documented members with
IRS, some 50% of the siblings also develop IRS,
and these subjects tend to have been SGA-compared
with those siblings with normal birth weights. A
recent study indicates that regardless of the birth-
weight, prematurity itself may play a role for
developing IR (170). However, epidemiologic studies
have not yet indicated that there is an increased inci-
dence of T2DM, IR, or other metabolic disorders
among long-term survivors of prematurity.

In some populations, the relationships between
the prevalence of IR to birth weight appear to be
U-shaped (171). A U-shaped relation between birth
weight and fasting insulin was also shown in Pima
Indian children with both low and high birth
weights (172). The same U-shaped relation between
birth weight, BMI, and fat mass was demonstrated
recently in adolescents (173). In our own experience,
large for age (LGA) infants become obese at earlier
ages than those who are SGA and have a voracious
appetite from early life that suggests an underlying
eating disorder.

Gestational diabetes per se significantly increases
the subsequent risk of obesity and T2DM (174),
with the children of mothers with T1DM being more
predisposed to T2DM as adults compared with chil-
dren born to fathers with T1DM (175).

Serine Protease Inhibitors and IR

It has been shown that high insulin levels suppress
hepatic synthesis of multiple-binding proteins including
CBG, SHBG, IGF-binding protein-1 (IGFBP-1), thyroid-
binding globulin, and vitamin D-binding protein
(VitD-BP), which in turn increase biologically active
forms of circulating hormones. Several of these hor-
monal binding proteins belong to the family of serine
protease inhibitors or SERPINS. Subsequently, increased
active hormone levels become responsible for clinical
characteristics: hirsutism and PCOS, Cushing-like fea-
tures, pseudoacromegaly, thrombosis, inflammation,
and even increased cancer risk in cases of IRS.

IGFBP-1 is often strikingly depressed in IRS,
producing an excess of free IGF-1, albeit the total
level of IGF-1 being usually normal (176,177).
IGFBP-1 levels are regulated principally by insulin
and, to a lesser extent, by glucose levels. Decreased
IGFBP-1 in the face of IR leads to the increased tissue
bioavailability of IGF-1 such that it can enhance the

glucose-lowering effect of insulin. This can lead to
the development of microvascular complications, tall
stature, and pseudoacromegaly. We found that low
levels of IGFBP-1 are strongly associated with the
degree of IR, whereas IGFBP-3 correlates directly with
the degree of hyperinsulinism. Furthermore, defective
IGFBP-1 expression in childhood is retrospectively
associated with SGA births, and an increased sub-
sequent risk for obesity and IR at a later age (178).

SHBG has been found to be negatively corre-
lated with BMI and fasting insulin levels (179).
Decreased SHBG increases testosterone bioavailabil-
ity, leading to the development of hyperandrogenism,
even when serum levels of testosterone are normal.

The low levels of CBG found in IRS leads to dis-
proportionately free and active circulating cortisol
that can lead to clinical and metabolic overlaps
between Cushing’s syndrome and IR. Increased con-
version of inactive cortisone to active cortisol by
11b-HSD1 in visceral fat compounds the effect. CBG
secretion has been shown to be negatively regulated
by both insulin and IL-6 (180).

Thyroid-binding globulin levels in IRS are often
depressed, leading to diagnostic confusion as to the
presence of hypothyroidism. Obese patients are thus
often unnecessarily treated for hypothyroidism they
do not have. They may, however, develop true
hypothyroidism on the basis of associated Hashimoto’s
disease, which does appear more common in IRS.

The low level of 25-hydroxyvitamin D3 is
associated with IR and obesity (181), and 1,25-dihydro-
xyvitamin D3 is essential for normal insulin secretion.
VitD-BP is known as a macrophage-activating factor,
and polymorphisms of VitD-BP have been linked to dia-
betes risk in Pima Indians (182). Low levels of IGFBP-1
and 1,25-dihydroxyvitamin D were found in maternal
and umbilical cord blood in preeclampsia (183).

CBG, thyroid-binding globulin, and PAI-1 are
members of the SERPINS family, and insulin and cyto-
kines levels in IR can regulate their activity. These
binding proteins are substrates for elastase that is
expressed at the surface of neutrophils. Therefore, the
variability in circulating binding protein levels might
be linked to their cleavage by activated neutrophils.
Increased peripheral white blood cell counts with neu-
trophilia are often found in both obesity and IR, which
might facilitate serine protease availability and binding
protein cleavage. This mechanism is likely to contribute
to decreased serum-binding globulin levels in obesity
and IR. For example, increased PAI-1 has been linked
not only to thrombosis and fibrosis, but also to IR itself.
Circulating PAI-1 levels correlate strongly with the
degree of insulinemia (184). Furthermore, downregula-
tion of PAI-1 in mice ameliorates their diet-induced
obesity, hyperglycemia, and hyperinsulinemia. PAI-1
deficiency also enhances basal and insulin-stimulated
glucose uptake in adipose cells in vitro. These findings
suggest PAI-1 may not merely increase in response to
obesity and IR, but may have a direct causal role in
inducing them (185).
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Fibrinolysis Defect, Thromboses, and
Atherosclerosis Acceleration with IR

Maintenance of hemostasis is mediated through such
factors as fibrinogen, tissue plasminogen activator
(tPA), and PAI-1. Insulin has been shown to increase
PAI-1 and tPA levels, diminishing fibrinolytic poten-
tial and increasing thrombotic risk secondary to
impaired fibrinolysis (186,187). Framingham Off-
spring Study indicates that elevated fasting insulin
levels are associated with increases in serum tPA
and PAI-1 levels, thus increasing the risk of throm-
bosis in both glucose-tolerant and glucose-intolerant
patients (186). In the Insulin Resistance Atheroscler-
osis Study, baseline fibrinogen and PAI-1 levels were
significantly associated with risk of diabetes among
1047 nondiabetic individuals (188). Insulin sensitizers
such as rosiglitazone and troglitazone have been
shown to reduce plasma PAI-1 levels (189). Thus,
improving Si with TZDs, as a result improving
PAI-1 and fibrinogen levels, may decrease the risk
of cardiovascular complications in patients with
T2DM.

In recent years, markers of systemic inflammation
and certain components of the hemostatic system have
been found to predict atherosclerotic risk. The majority
of these factors are associated with IR. Endothelial
inflammation in obese prepubertal children is mainly
associated with IR, lipid levels, and BMI (190).
C-reactive protein (CRP) is elevated in IR and was
found to be a better predictor of atherosclerosis com-
pared to the total/high-density lipoprotein (HDL)
cholesterol ratio (191). In the multiethnic Insulin
Resistance Atherosclerosis Study, CRP was found to
be independently associated with BMI, IR, and systolic
blood pressure (BP) (188). There is growing evidence
that adiponectin, the most abundant adipocyte-derived
cytokine, also plays a crucial role in atherosclerosis. A
study of 145 obese children showed that serum levels
of adiponectin were significantly decreased in early
stage of atherosclerosis (192).

Endothelial cell dysfunction is among the earliest
changes on the arterial wall leading to atherosclerosis
that begins in childhood and is associated with IR and
hyperinsulinemia (193,194). Under normal conditions,
insulin stimulates vasodilatation through induction of
nitric oxide synthase and generation of nitric oxide
(NO) in vascular endothelial cells. However, in obesity
and IR, the production of NO production is disrupted,
leading to vasoconstriction and tissue ischemia. The
presence of hyperglycemia further contributes to
endothelial dysfunction and vascular insufficiency
through production of superoxide radicals, which
cause direct endothelial damage (195). Together
with decrease in NO availability, overexpression of
adiposity-related cytokines (IL-1, IL-6, TNF-a), PAI-1,
and reduction of adiponectin, stimulate leukocyte
adhesion to endothelial surface, promoting platelet
aggregation and fibrin deposition on blood
vessel walls. Decreased tissue perfusion may limit

insulin-mediated glucose disposal and thereby increase
circulating glucose levels, creating a vicious cycle (196).

Dyslipidemia and IR

Several population-based studies have demonstrated
the evidence of strong association between IR and
the development of CVD in individuals without dia-
betes (197,198) (Vol. 1; Chap. 14). The following
factors: Increased thickness of the arterial carotid wall
and an atherogenic dyslipidemic profile that includes
hypertriglyceridemia, low serum HDL cholesterol
concentrations, and atherogenic low-density lipopro-
tein (LDL) cholesterol particles, compounded by low
SHBG levels have been shown to increase the risk of
atherosclerosis in adults. In addition, the thickness
of the carotid wall, atherosclerosis in teenagers and
young adults, is related to their intake of cholesterol,
serum levels of cholesterol and TG, BMI, smoking,
hypertension, and fasting glucose levels (199).

Moreover, fasting insulin level is an independent
cardiovascular risk factor (198,200). The Muscatine
Study linked childhood LDL cholesterol and BMI to
atherosclerosis in asymptomatic adults. The most pre-
dictive childhood risk factor was increased BMI.
Coronary artery calcifications were also associated
with increased BP and decreased HDL cholesterol
levels measured during childhood (201). The Cardio-
vascular Risk in Young Finns Study also showed
that childhood LDL cholesterol and BMI correlated
with adult CVD (202). Postmortem studies demon-
strated presence of fatty streaks in 50% of children
aged 2 to 15 years in their coronary arteries, and 8%
of these children had raised fibrous plaques in their
coronary arteries (203). The Bogalusa Heart Study
confirmed that the same risk factors that are impor-
tant for adults such as elevated BMI, systolic BP,
serum TGs, and LDL, convey greater atherosclerosis
risk in the aorta and coronary arteries in children (204).
The Pathobiological Determinants of Atherosclerosis
in Youth study confirmed the origin of atheroscler-
osis in childhood, showed that progression toward
clinically significant lesions may occur in young
adulthood, and demonstrated that the progression
of atherosclerosis is strongly influenced by CHD risk
factors (205).

A simplified model relating IR to dyslipidemia
and CVD was proposed by Ginsberg (187). In phy-
siologic conditions, adipocytes release FFAs to the
circulation, which delivers them to the liver and
the muscle. In the liver, the majority of FFAs are
reesterified to form TGs and only a small amount is
oxidized. Thus, FAs and TGs are constantly being
transported between the liver and adipose tissue.
However, if the transport to adipose tissue is insuf-
ficient, then the liver and also muscle may
accumulate TG. In the presence of IR, lipolysis in adi-
pocytes is enhanced, which results in increased
release of FFAs into the circulation. Increased FFA flux
to the liver stimulates TG synthesis and secretion of
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VLDL, resulting in hypertriglyceridemia. In addi-
tion, VLDL is exchanged for cholesteryl esters in
both HDL and LDL for VLDL-TG. TG-enriched LDL
and HDL can undergo lipolysis and become smaller.
Once HDL is lipolysed, HDL is cleared rapidly from
the circulation. The result of these processes is an
atherogenic lipid profile with high TGs, low HDL,
and high LDL cholesterol.

Fatty Liver, Nonalcoholic Steatohepatitis, and
Gallbladder Disease

Recent studies documented a strong relationship
between hepatic steatosis and IR (206–208). For a long
time, hepatic steatosis was considered to be a benign
manifestation. However, recent data indicate that it
may progress over years from inflammation and
fibrosis [nonalcoholic fatty liver disease, (NAFLD)], to
steatohepatitis, fibrosis to cirrhosis, and more rarely
to hepatocellular carcinoma (209,210). Tominaga et al.
found fatty liver in approximately 22% of obese
children aged 4 to 12 years (211). In another study,
fatty changes were observed in 10% to 25% of adoles-
cents (212). In adult patients with diabetes and obesity,
100% have some steatosis, 50% have steatohepatitis,
and 19% have cirrhosis (213). The disease is usually
clinically silent for many years. The underlying mech-
anism for the association of IR and obesity to hepatic
steatosis is the excess of portal or visceral fat, which
increases flux of FFAs via portal vein directly to
the liver, thereby inducing hepatic steatosis (214). Ele-
vated liver enzymes are observed in overweight and
obese individuals with fatty liver (215,216). Kinugasa
et al. showed 16% of Japanese obese children with ele-
vated alanine aminotransferase (ALT) had fatty livers
with associated fibrosis or cirrhosis on liver biopsy
(217). NHANES III study showed elevated levels
of ALT in 6% of American overweight and 10% of
American obese adolescents (218). Strauss et al. sug-
gested that abnormal liver enzymes in overweight and
obese adolescents might result from a combination
of hyperinsulinism, hyperlipidemia, and decreased
antioxidant levels.

The incidence of cholecystitis and pancreatitis is
also higher in obese children. The hypertriglyceridemia
may cause increased incidence of pancreatitis parti-
cularly in adolescent girls with IRS. TG levels in
excess of 500 mg/dL are associated with pancreatitis.
Gallstone formation results from increased biliary
cholesterol excretion (219).

Uric Acid Metabolism and Gout in IR

The association between hyperuricemia and the IRS as
well as obesity is well recognized (220–223). It is being
realized that one of the clinical presentations of IRS
may be gouty arthritis. Studies in young adults
indicated that there is a direct correlation between the
risk of developing gout and BMI, weight gain, and
waist-to-hip ratio (224,225). Conversely, weight reduc-
tion decreases urate levels as well as de novo purine

synthesis and the risk of gout (226,227). Insulin enhan-
ces renal urate reabsorption and reduces the renal
excretion of urate in both healthy and hypertensive
individuals (228,229). In the IRS, impaired oxidative
phosphorylation may increase systemic adenosine con-
centrations, which in turn can result in renal retention of
sodium, urate, and water (230). Some researchers have
speculated that increased extracellular adenosine con-
centrations over the long term may also contribute to
hyperuricemia by increasing urate production (230).

Nephrosis in IR

IR/hyperinsulinemia is associated with increased
activity of both renin-angiotensin-aldosterone system
and sympathetic nervous system activities, resulting
in increased renal sodium reabsorption, fluid retention,
and endothelial cell proliferation. The pathogenesis of
nephrosis in obese individuals is poorly understood.
The main factors such as persistent hyperinsulinemia
by promoting angiotensin production, increased
plasma levels of free IGF-1 by stimulating glomerular
hypertrophy, and hyperlipidemia by promoting glo-
merulopathy through oxidative cellular injury, may
all contribute to the development of glomerulosclerosis
and eventually end-stage renal disease (231). This
glomerulosclerosis in the hyperinsulinemic/insulin-
resistant kidney is peculiar and characterized by lower
rate of nephrotic syndrome, fewer lesions of segmental
sclerosis, and a greater glomerular size compared with
the idiopathic variety (232,233). Microalbuminuria, in
addition to being an early marker for nephropathy, is
an established marker for increased CVD morbidity
and mortality in patients with hyperinsulinemia and
hypertension (234). The Insulin Resistance in Athero-
sclerosis Study revealed that an increasing degree
of Si was associated with a decreasing prevalence of
microalbuminuria (235). We have found segmental
IgA-type glomerulonephritis in several of our own
patients with obesity and IR.

Resting Energy Expenditure in IR

Resting Energy Expenditure (REE) accounts for 60% to
75% of total daily energy expenditure, and decreases
with age (236,237) and physical inactivity (238). Even
small reductions in REE increase the risk of weight gain
(239). It is well known that fat-free mass accounts for the
majority of interindividual variability in REE (159). In
addition to physiologic factors, insulin-related changes
are also involved in the regulation of energy balance
and contribute to the recovery of body weight stability
in a context of long-term positive energy balance.

Carbohydrate ‘‘Addiction’’ in IR

After the industrial revolution, high GI carbohydrates
(refined sugars) became available for the large part of
populations and resulted in an extraordinary increase
in carbohydrate consumption (240). It is well known
that high-GI carbohydrates lead to hunger and
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carbohydrate craving. Ludwig et al. demonstrated in
obese adolescents that voluntary food intake after break-
fast and lunch was higher after high-glycemic-index
meals compared with isocaloric low-glycemic-
index meals (241). Studies in adults and adolescents
demonstrated increased satiety, delayed return of
hunger, and decreased food intake after the ingestion
of low-glycemic-index foods compared with high-
glycemic-index foods (242,243). Plasma glucose
levels are significantly higher following consumption
of high-glycemic-index meals, especially when taken
with animal fats. Plasma insulin levels and FFA
concentrations also elevate after high-glycemic-index
meals (242). High-glycemic-index meals increase
hepatic secretions of VLDL (244). Taken together,
high-glycemic-load carbohydrates promote the deve-
lopment of IR and our dietary advice is always to
restrict them in obesity with IR.

Cognition Effects of Insulin

Until recently, the brain was considered to be insensitive
to insulin (245). However, this notion has been changed
because insulin and its receptors are found widely
distributed in the CNS (246–248). Insulin functions
through insulin-related peptides synthesized in brain,
which serve as neurotransmitters or neuromodulators
(248). While the insulin/insulin receptor associated
with the hypothalamus plays important roles in
regulation of the body energy homeostasis, the
hippocampus- and cerebral cortex-distributed insulin/
insulin receptors have been shown to be involved
in brain cognitive functions (249). In animal models,
the expression of insulin receptors or changes in
insulin signaling in the hippocampus and temporal
cortex is associated with memory and learning
(245,250,251). In humans, increased memory capacity
has been observed when plasma insulin levels rise
acutely (252). Administration of intranasal insulin
has been shown to improve verbal memory without
the risk of peripheral hypoglycemia (253). However,
chronically high insulin levels may potentiate neuro-
degeneration by increasing oxidative stress and
endothelial inflammation, causing microvascular
damage or alteration of amyoid b-peptide metab-
olism with increased amyloid deposition (254–256).
Clinical and epidemiologic studies showed the
association of IRS and dementia (254,257). Geroldi
et al. found significant association between cognitive
impairment and IR, and attributed this impairment
to microvascular damage and the dyslipidemic
effects of IRS (258). A pilot study of 30 subjects with
mild Alzheimer’s disease or amnestic mild cognitive
impairment showed that insulin sensitizer, rosiglita-
zone, might preserve cognition (259).

PATHOGENESIS AND GENETICS OF IR

Glucose homeostasis is maintained in a narrow range
despite wide fluctuations in food intake. Insulin is the

master regulator of this homeostasis. In response to
the potential hyperglycemic state after food intake,
pancreatic b-cells secrete an appropriate amount of
insulin resulting in hyperinsulinemia. This compensa-
tory hyperinsulinemia stimulates glucose uptake by
skeletal muscle and suppresses endogenous glucose
production in the liver (260). In IR, insulin action
in these tissues becomes impaired, and results in
postprandial hyperglycemia and, consequently,
hyperinsulinemia. However, IR is not only a direct
consequence of defective insulin action. A number
of molecular defects in pathways of insulin action
have been associated with the pathogenesis of IR.
These include reduced expression of insulin receptors
on the surface of insulin-responsive cells (261,262),
alterations in the signal-transduction pathways that
become activated after insulin binds to its receptor
(263,264) and abnormalities in biologic pathways nor-
mally stimulated by insulin, including glucose
transport (265–267) and glycogen synthesis (268,269).
Mutations in the insulin-receptor gene are responsible
for severe IR in a limited number of persons (270,271).

Molecular Mechanism of Insulin Action

Insulin signaling is initiated following the interaction
of insulin with its specific receptor. The insulin receptor
is a glycosylated heterotetrameric complex consisting
of two extracellular insulin-binding a-subunits and
two b-subunits. Upon binding to its receptor, insulin
leads to activation of receptor tyrosine kinase and
autophosphorylation of specific tyrosine residues on
several substrates, including IRS1–4 (272–274) and
stimulation of other signaling molecules such as Shc
and Grb, and signal regulatory protein family mem-
bers, Gab-1, Cbl, CAP, and APS (275) (Fig. 4).

Phosphorylation of IRS family initiates intra-
cellular insulin-signaling chain (260). There are two
major, well-described pathways for insulin signaling;
the PI-3K-Akt and the MAP kinase pathways (276).
Phosphorylation of tyrosine residues of IRS family
initiates PI-3K pathway. Following the association of
the p85 subunit of PI-3K with the IRS molecules, PI-
3K stimulates synthesis of PI-3-,4-,5-phosphate. This
results in activation of serine/threonine kinase (Akt),
also known as protein kinase B and other downstream
effector molecules. Akt in turn phosphorylates a num-
ber of proteins that mediate translocation of GLUT-4
transporter to the membrane, and regulates glucose
uptake (muscle and adipocyte), glycogen synthesis,
protein synthesis, and apoptosis (277).

Several investigators have examined the role of PI-
3K and Akt in individuals with IR. However, the results
were contradictory with some studies showing a
decrease in IRS-associated PI-3K and Akt activity in IR
skeletal muscle, while others showed a normal activity
of Akt in patients with reduced PI-3K (278,279). Akt
deficiency in mice resulted in IR and diabetes (280).

Finally, insulin stimulates translocation of the
GLUT-4 from an intracellular pool to the surface of
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cells, primarily in skeletal muscle and adipose tissue
and heart (281). The mechanism by which the signaling
pathways converge on the intracellular GLUT-4–
containing vesicles to cause GLUT-4 translocation is
not well understood. It appears that the number of
GLUTs in skeletal muscle of IR persons is not changed
but the ability of insulin to effect this translocation is
altered (282,283). Animal models and cellular models
of IR showed that insulin-stimulated GLUT-4 translo-
cation to the plasma membrane is reduced (284).

The MAP kinase pathway begins with phosphor-
ylation of collagen-like protein Shc and IRS. IRS and Shc
interact with Grb-2 complex and activate the Ras/MAP
kinase pathway. Activated MAP kinase mediates the
mitogenic and proinflammatory responses of insulin
signaling (260). Although the signaling pathways, the
MAP kinase and PI-3K, are generally described as
acting in a linear fashion, each pathway may activate
the other under certain circumstances (276). Therefore,
PI-3K/Akt may activate Ras/MAP kinase, and on the
other hand, Ras/MAP kinase may stimulate PI-3K
pathway.

In insulin-resistant subjects with obesity or T2DM,
the pathways leading to activation of PI-3K are blocked,
whereas the MAP kinase pathway is normal (285). In
normoglycemic subjects with a strong family history
of T2DM, despite normal insulin receptor phosphory-
lation, post-receptor signaling was reduced and was
correlated with IR in skeletal muscle (286).

Candidate Genes for IRS

Many studies suggest that genetic factors influence IR;
however, despite intensive research there is, so far, no
clear understanding of most of the factors involved in

the development of IR. In the insulin-signaling path-
way, mutations in insulin receptors, IRS family, PI-3K,
and others (GLUT-4, hepatic glucokinase promoter,
etc.) have been studied as possible candidate genes.

Many mutations in the insulin receptor gene that
affect receptor function are known. Mutations in the
insulin receptor are associated with rare forms of IR.
These mutations affect insulin receptor number, spli-
cing, trafficking, binding, and phosphorylation. The
affected patients demonstrate severe IR, which in most
patients results in death during early life (leprechau-
nism, Rabson-Mendenhall syndrome), or manifest as
clinically diverse syndromes including the Type A
syndrome and lipoatrophic diabetes (287). Insulin
receptor mutations are not commonly found in
T2DM, and only small number of individuals (1–5%)
may have mutations that could contribute to hypergly-
cemia and IR (288,289).

Mutations of IRS family of intermediate sub-
strates, especially IRS-1 and IRS-2, were also
examined. In animal models, IRS-1 deficiency was
associated with IR but not hyperglycemia (290). In con-
trast, the phenotype of IRS-2 knockout mice is
markedly different (291) because they become severely
hyperglycemic due to abnormalities of peripheral
insulin action and failure of b-cell function (291). This
phenotype, with severe hyperglycemia as a conse-
quence of peripheral IR and insufficient insulin
secretion, involves a significantly reduced b-cell mass,
revealing many similarities to T2DM in man, and
outlines the potential role of IRS proteins in the devel-
opment of cellular IR and b-cell function. However,
mutations of IRS-1 and IRS-2 in humans were found
with the same frequency in nondiabetics when com-
pared with diabetic individuals (292,293).

PI-3K is another target for gene studies in IRS.
However, results in PI-3K mutations in different eth-
nic groups have been contradictory. Scandinavian IR
individuals who were homozygous for p85alpha
regulatory subunit of PI-3K had significantly reduced
Si (294), whereas this mutation was not found in
Japanese patients with T2DM (295). In Pima Indians,
this mutation was not associated with Si but rather
with an increased acute insulin response (AIR) after
a glucose challenge test (296).

Mutations of plasma cell membrane glyco-
protein-1, GLUT-4, hepatic glucokinase promoter
and PPAR-g genes have been reported (297). How-
ever, in most cases, these mutations are not
sufficient to cause IR or T2DM. For example, mutation
in PPAR-g gene causes severe obesity but not IR (297).

Other Molecular Pathways and Their Mutations

In addition to insulin-signaling pathways, several
other molecular pathways in energy homeostasis, lipid
metabolism, cytokines, hormone-binding proteins
including those that are SERPINS, and other protease
regulators and their mutations may be responsible for
development of IR and obesity (Table 2). In the energy

Figure 4 Insulin-signaling pathways: the MAP kinase and the PI-3K.

Abbreviations: IRS, insulin resistance syndrome; GLUT, glucose transporter;

MAP, mitogen-activated protein. Source: From Ref. 260.
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homeostasis pathway, leptin- POMC, ghrelin-NPY, and
sympathetic nervous system regulation pathways have
proved to be important. In the lipid homeostasis path-
way, other than PPAR-g, PPAR-a, adipocyte-derived
hormones, leptin, adiponectin, resistin, etc. are vari-
ously involved, as are lipoprotein lipase and genes
responsible for adipose tissue formation. Increased
availability of FFAs to muscle provokes IR. Proteases
contributing to the development of diabetes are repre-
sented by CAPN 10 and prohormone convertase
deficiencies. The concurrence of several heterozygos-
ities for the mutations described above can have
additive adverse effects. In the energy homeostasis,
heterozygosity for inactivating mutations of the
MC4R results in obesity in both mice and humans
(298). Heterozygotes of this most commonly reported
form of genetic obesity may also be obese. Heterozy-
gotes for the Bardet-Biedl syndrome have increased
frequencies of obesity, renal disease, hypertension,
and T2DM (299). Additive adverse effects of heterozyg-
osity are clearly evident in mice carrying heterozygote
mutations of the leptin and leptin-receptor genes.
Human heterozygotes for a LEPR mutation have
plasma–leptin concentrations intermediate between
wild type and homozygous affected levels (300). Lep-
tin, adipocyte-derived hormone, was identified as an
in 1994 by Friedman and coworkers (301). Since then,
leptin has gained much attention in the study of the
underlying mechanisms of IR in obesity. In rodents,
leptin deficiency causes marked obesity, hyperinsuline-
mia, and hyperglycemia (99). In humans, however,
while congenital leptin deficiency or mutations of the
leptin receptor have been associated with severe obes-
ity, diabetes was not seen (302,303). However, these few
cases reported to date were of young age, and it
remains to be seen whether IGT or diabetes may still
develop with aging.

In the lipid homeostasis pathway, the PPAR-g
receptor controls the expression of numerous genes.
It is assumed that the effect of the TZDs on Si is
mediated through altered expression of PPAR-g-
dependent genes (304). Recently, the Pro12Ala and
two other polymorphisms were described in the
PPAR-g2 receptor (305). Koch et al. showed that obese
individuals carrying heterozygous forms of Pro12Ala
polymorphisms appeared to be less insulin resistant
compared with individuals without this PPAR-g2
mutation (306).

Acquired IR

Insulin receptor antibodies, Cushing’s syndrome,
glucocorticoid steroid therapy, acromegaly, hyperpar-
athyroidism, and exogenous obesity can all produce
IR (Table 3) (167). In practice, however, steroid-
induced IR in a person who happens to be genetically
prone to IR is the most commonly encountered,
especially when the obese child also has IR-associated
asthma. We find this a frequent occurrence in our
clinical practices. GH therapy can provoke transient
IR also, but this therapeutic issue needs further study.
GH-deficient children tend to have increased fat
stores and decreased muscle mass, a situation that
reverses after GH therapy. In the SGA disorders with-
out catch-up growth such as the Russell-Silver
syndrome, IR may develop even before GH is given.

Defined Syndromes with Severe IR

Numbers of individually rare syndromes character-
ized by extreme IR have been described over the
past 20 years (Table 2) (271). Some of these rare syn-
dromes are linked to mutations of the insulin
receptor gene such as Type A syndrome, leprechau-
nism, and Rabson–Mendenhall syndrome.

Table 2 Genetics of Insulin Resistance Syndrome

Insulin receptor

pathway defects Fat cell defects-lipid homeostasis pathway

Hypothalamic level defects-leptin-POMC-

MC4R pathway Miscellaneous

Type A syndrome

mutation in the

insulin receptor

Congenital generalized lipodystrophy

(mutations in 11q13, BSCL2, AGPAT2

gene on 9q34)

POMC mutations; MC4R mutations; MC3R

mutations

Proteases–CALP10; impaired

processing of prohormones;

prohormone convertase deficiency

Leprechaunism Dunnigan’s syndrome (lamin mutation) Leptin mutations Estrogen receptor mutations

Rabson–Mendenhall

syndrome

Kobberkling’s syndrome (mutation in the

PPAR-g gene)

Leptin receptor gene mutation, ghrelin

polymorphisms, neuropeptide Y5 receptor

polymorphisms, cocaine-and amphetamine-

regulated transcript polymorphisms,

cholecystokinin A receptor polymorphisms

Polymorphism in

plasma cell

membrane

glycoprotein-1

Allelic variation in PPAR-g influence body

fat mass by effects on adipocyte;

polymorphisms of PPAR-a gene can lead to

higher triglyceride and insulin levels;

polymorphisms of the lipoprotein lipase

gene was both linked and associated with

insulin resistance; polymorphisms of UCP1,

UCP2, UCP3 genes; polymorphisms of

b2-and b3-adrenergic receptors

Single gene defects leading to disruption of

hypothalamic pathways of energy

regulation; Prader-Willi syndrome (15q11.2-

q12, uniparental maternal disomy), Alstrom

syndrome (ALMS1 gene mutants in the

hypothalamus might lead to hyperphagia

followed by obesity and insulin resistance),

Bardet-Biedl syndrome, Cohen syndrome,

Beckwick-Weidermann syndrome, Biemond

syndrome II, choroideremia with deafness

Abbreviations: POMC, proopiomelanocortin; PPAR, peroxisome proliferator-activated receptor; MCR, melanocortin receptor. Source: From Ref. 167.
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Type A syndrome is a severe form of inherited IR
as a result of mutations in the insulin receptor gene
(307). Patients with Type A syndrome present with lean
body mass, acanthosis nigricans (ANs), and ovarian
hyperandrogenism (acne, hirsutism, oligomenorrhea,
elevated testosterone levels, etc.). They may also have
short stature, accelerated linear growth, muscle
cramps, and retinitis pigmentosa (271).

Rabson–Mendenhall syndrome is another rare
syndrome, which presents in childhood with severe IR
and T2DM, which is resistant to large doses of insulin
(271). In addition to common features of IR, patients with
Rabson–Mendenhall syndrome may present in early
childhood with accelerated linear growth, precocious
pseudopuberty, gingival hyperplasia, and abnormal
nails (308). Their prognoses are generally poor. They
become constantly hyperglycemic and develop micro-
vascular complications of diabetes (271,308).

Leprechaunism is the most severe form of inher-
ited IR with neonatal onset. It was first described by
Donohue and Uchida (309). It is characterized by
intrauterine and postnatal growth retardation, hyper-
insulinemia, dysmorphic features (prominent eyes,
upturned nostrils, low-set posteriorly rotated large
ears), and lack of subcutaneous fat (308). These infants
have massive hyperinsulinemia, often associated with
glucose intolerance or frank diabetes mellitus, in
addition to fasting hypoglycemia (308). Most of these
infants do not live beyond the first year of life,
although a few may survive until adolescence (308).

Both syndromes—Leprechaunism and Rabson–
Mendenhall—are inherited as autosomal recessive
traits (308).

Type B syndrome patients usually present during
middle age. They often demonstrate clinical findings
consistent with autoimmunity including vitiligo,
chronic thyroiditis, alopecia areata, arthritis, lupus-like
feature, etc. in addition to their severe IR (308,310).
Postprandial hypoglycemia is a common feature of this
syndrome (308,310). The presence of anti-insulin recep-
tor antibodies in the plasma is the diagnostic hallmark
of the Type B syndrome (310). In our own experience
with obese children with such autoantibodies, about
half had other clinical evidence of associated auto-
immune disorders while the others did not.

Werner’s syndrome, a progeria syndrome, is
characterized with bird-like facies, gray hair, cataract
formation, slender extremities, and severe IR (311).

The lipodystrophy syndromes consist of a hetero-
geneous group of disorders and are characterized with
severe IR, hypertriglyceridemia leading to pancreatitis,
and fatty infiltration of the liver leading to hepatic stea-
tosis, which sometimes can progresses to cirrhosis
(307). Leptin levels are low and the clinical features
may dramatically reverse with leptin replacement.
Lipodystrophies can be genetic or acquired. An
increasingly common acquired form of lipodystrophy
seen clinically is the one associated with the use of
highly active antiretroviral treatment in HIV-infected
patients (312). Among the inherited lipodystrophies,
the Berardinelli–Seip form of generalized lipody-
strophy and the Dunnigan-type familial partial
lipodystrophy are the rare forms of syndromic IR (313).

CLINICAL FEATURES

The natural history of IR begins in childhood, from
the interplay of genetic and environmental factors
(Fig. 5 and 6). Although it is generally unclear in most
instances whether a primarily genetically encoded
state of IR or a defective satiety disorder appears first,
IR results in hyperinsulinism and the precocious

Table 3 Acquired Insulin Resistance

Acquired insulin resistance

(IR) pathway defects Acquired fat-cell defects Miscellaneous

Type B immune-mediated IR Lipodystrophy associated with HIV protease inhibitors; acquired generalized

lipodystrophy-Lawrence syndrome is caused by antibodies against

adipocyte-membrane antigens; Barraquer–Simons’ syndrome (partial

acquired cephalothoracic lipodystrophy) have accelerated complement

activation and a serum immunoglobulin-G, called C3 nephritic factor, that is

thought to cause lysis of adipose tissue expressing adipsin

Excess counterregulatory hormones;

glucocorticoids, catecholamines, PTH,

growth hormone, placental lactogen in case

of stress, infection, pregnancy, starvation,

uremia, cirrhosis, ketoacidosis, aging,

inactivity

Source: From Ref. 167.

Figure 5 Clinical and laboratory features of IRS with natural history.

Abbreviations: FGA; LGA, large for age; IGFBP, insulin-like growth factor-

binding protein-1; CBG, corticosteroid-binding globulin; VLDL, very low-

density lipoprotein; TG, triglyceride; HDL, high-density lipoprotein; PAI,

plasminogen activator inhibitor; CRP, C-reactive protein; CHD, coronary heart

disease; PCOS, polycycstic ovarian syndrome; FH. Source: From Ref. 167.
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development of atherosclerosis and T2DM (314). The
clinical phenotype of IRS includes centrally biased
obesity; characteristic skin involvements such as
ANs, skin tags, striae, acne, hirsutism, and frontal
balding; an allergic diathesis, especially as manifest
by asthma; hypertension; an atherogenic dyslipidemia

(increased VLDL with raised TGs and reduced levels
of the protective HDL cholesterol); early athero-
sclerosis, tall stature and pseudoacromegaly (with
suppressed GH levels); focal segmental glomerulo-
sclerosis; hepatic steatosis; and adrenal and ovarian
hyperandrogenism (Table 4). Importantly, IR is not
infrequent in the absence of obesity, whereas even
considerably obese persons can be insulin sensitive.
In the latter instances, we find physical activity to be
important in preventing IR.

Obesity

Obese patients represent heterogeneous subgroups of
metabolic and phenotypical expressions of IR,
whereas individuals with the same BMI can have very
different degrees of IR and metabolic (insulin) com-
pensation. However, most individuals with BMIs
more than 35 to 40 kg/m2 are IR. Adolescents and
adults with BMIs of 25 kg/m2 or more are at risk
for adiposity-related morbidity, whereas those with
BMI greater than 30 kg/m2 are obese according to
the WHO panel. Today, CDC suggests the term of
‘‘overweight’’ instead of ‘‘obese’’ be used for children.
According to CDC terminology, overweight children
are defined as those with BMI equal to or above the
95th percentile and children at risk of overweight
are those with BMI equal to or above the 85th but
below the 95th percentile (315) (Vol. 1; Chap. 1).

It is widely believed that obesity itself, especially
increased visceral fat accumulation, can lead to IR

Figure 6 Natural history of developing diabetes Type 2. Abbreviations:

TNF, tumor necrosis factor; PPAR, peroxisome proliferator-activated recep-

tor; MCR, melanocortin receptor; IGTT. Source: From Ref. 167.

Table 4 Comparison of Features of Insulin Resistance Syndrome (IRS) in Children and Adults

Pediatric features of IRS Adult features of IRS

Family history of diabetes, obesity, hypertension, coronary heart disease, and or stroke

History of maternal gestational diabetes

Certain race/ethnicity: African-American and Hispanic, Native Americans

Small for age (mostly), or large for age (less often)

Striae: red (new), white (old) from adrenarche onward Striae: white

Acanthosis nigricans (AN) AN, skin tags

Premature pubarche

Hirsutism, polycycstic ovarian syndrome (PCOS) with adolescence Hirsutism, ovarian hyperandrogenism, PCOS, infertility

Decreasing resting energy expenditure

Low resting fat to carbohydrate oxidation rates

Obesity appears or worsens at adrenarche Central obesity

Tall stature/pseudoacromegaly Pseudoacromegaly

Adipomastia/gynecomastia

Asthma/allergic rhinitis

Acute pancreatitis Chronic pancreatitis

Hyperuricemia, gout

Obstructive sleep apnea Obstructive sleep apnea

Fatty liver, nonalcoholic steatohepatitis (NASH) Fatty liver, NASH, gallbladder disease

Glomerulonephritis Focal glomerulosclerosis

Premature atherosclerosis Premature atherosclerosis

Dyslipidemia Dyslipidemia

Hypertension Hypertension

Glucose intolerance Glucose intolerance

Type 2 diabetes Type 2 diabetes

Increased cancer risk

Increased risk for Alzheimer’s disease

Source: From Ref. 167.
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(314,316). Genetically induced IR can be the primary
mechanism underlying and inducing the progression
of obesity. In contrast, nonobese, lean individuals can
develop IR also. It has been shown that lean sisters
and brothers of patients with obesity complicated by
IR and PCOS can have IR, confirming that IR can be
a primary mechanism. Generalized lipodystrophy
can lead to IRS because of leptin deficiency and is
dramatically reversible with leptin therapy.

How IR results in the cluster of the associated
symptoms is not clear. One characteristic that associa-
ted with IRS is obesity (317). The hyperinsulinemic
euglycemic clamp studies clearly demonstrate the
relationship between obesity and IRS. Euglycemic
insulin clamp studies in children, twin studies, and
others indicate that the obese individuals have higher
fasting insulin levels and lower Si than the nonobese
individuals (16,318,319). Si is inversely correlated
with BMI (136,320).

Although obesity is an important factor for IR,
the distribution of body fat appears to be of critical
importance. For example, Si highly correlates with
increased trunk-to-leg fat ratio than BMI (194). Cross-
sectional studies in children have confirmed a strong
positive relation between body fat distribution and
cardiovascular risk factors: greater central adiposity
with higher risk factors (321–323). Multiple studies
demonstrated that abdominal fat and abdominal sub-
cutaneous fat, both of which can exist independent of
the degree of general adiposity, can promote IR via the
secretion of FFAs and adipocyte-derived cytokines
(e.g., PAI-1, TNF-a, leptin, adiponectin) (324,325).
Accumulated data suggest that these secreted factors
may comprise a mechanistic link among increased
abdominal fat, IR, and expression of the IRS (326).

The dramatic rise in obesity-associated IRS
reflects environmentally increased availability and
consumption of food with high carbohydrate and fat
content together with decreased physical activities.
Genetic predispositions to obesity favor selection of
metabolically advantaged (energy thrifty) traits result-
ing in an enhanced ability to store excess calories in
tissues as fat and to spare protein breakdown for glu-
coneogenesis, favoring survival in times of hunger.
Genotypic factors influence the ability to use food
energy efficiently through mechanisms of intra-
abdominal fat distribution, resting metabolic rate,
changes in energy expenditure, body composition to
overfeeding, feeding behavior (including food prefer-
ences), adipose tissue lipoprotein lipase activity, and
the basal rate of lipolysis. Numerous genes, markers,
and chromosome regions have been linked with obes-
ity and its metabolic consequences. In the early phase
of obesity, the insulin gene variable number of tandem
repeat (VNTR) are associated with different effects of
body fatness on insulin secretion. When young, obese
patients homozygous for class I VNTR alleles secrete
more insulin than those with other genotypes (327).
However, overall genetic abnormalities causing
obesity account for only 5% of all obese individuals

(328). The incidence of genetic lesions is however
greatest in children who present with early onset of
obesity.

IGT and T2DM

The majority of persons with IR do not develop
T2DM. The genetic backgrounds on which hyperinsu-
linism and IR develop strongly influence the
adequacy of pancreatic b-cell compensation (329).
The heritability of b-cell function, assessed in relation
to Si [Si � AIR glucose], demonstrated a heritability of
70% in 94 normal glucose-tolerant individuals (330).
Pancreatic b-cell failure can represent independent
genetic interactions that may be influenced by the
human leukocyte antigen genotype.

Reaven et al. found that approximately 25% of
nonobese individuals with normal oral glucose toler-
ance had IR that was of a magnitude similar to that
seen in patients with T2DM, but exhibited compensa-
tory hyperinsulinemia to maintain normoglycemia (1).
Although IRS individuals who can compensate by
hyperinsulinemia may escape hyperglycemia and dia-
betes, longitudinal studies have clearly shown that
they are still prone to other complications of IRS such
as early atherosclerosis, progression of obesity
(especially central type), hypertension, dyslipidemia,
hypercoagulation, stroke, PCOS, fatty liver infil-
tration, focal segmental glomerulosclerosis, and an
increased cancer rate as well (24,331). Thus, IRS is
not benign even when diabetes does not develop.

Loss of first phase insulin response to predict develop-
ment of diabetes: Children affected by IRS are usually
hyperinsulinemic individuals in whom carbohydrates
can induce a delayed, but excessive, rise in insulin
secretion. This may cause an excessive fall in glucose
levels later, of sufficient severity to provoke symptoms
of hypoglycemia [late reactive (three-five hours) hypo-
glycemia]. As the ability to secrete insulin declines,
postprandial glucose intolerance appears, followed
by fasting hyperglycemia and diabetes. On the basis
of IV glucose testing, insulin release consists of two
phases (332). In individuals with T2DM, the second
phase response is diminished, and the first phase
response is almost absent. However, the first phase res-
ponse decreases long before the development of
T2DM. In the Insulin Resistance Atherosclerosis Study,
903 subjects were nondiabetic at baseline, 148 had
developed diabetes when they were reexamined after
five years. Individuals who had a low AIR combined
with high proinsulin levels experienced the highest
diabetes risk (333). Similar data were supported by
the United Kingdom Prospective Diabetes Study (334)
and studies in Pima Indians (335), in whom it was
shown that a low AIR predicts the development of dia-
betes at a time when many subjects still have normal
glucose tolerance. The DI is an excellent method to
detect latent b-cell defects, albeit hyperinsulinism
documented by a high AIR is a predictor of the rate
of increased fat mass.
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Premature Adrenarche

Accumulating data indicate that children with prema-
ture adrenarche are at increased risk of developing
functional ovarian hyperandrogenism and PCOS (336).
The risk is greater in those with a birth history of SGA
(336,337). Certain ethnic groups, especially African-
American and Hispanic girls with premature adren-
arche have a higher risk of developing IRS and
PCOS later in life (338,339). In a study, administration
of metformin to postmenarchal and IR girls with a his-
tory of low birth weight and premature adrenarche
improved hyperinsulinemia, dyslipidemia, and body
composition within six months. Furthermore, they
had significantly decreased serum androgen levels
suggesting that early metformin therapy may prevent
progression from premature adrenarche to PCOS, in a
high-risk group of girls (340). In addition, in a small
study, measuring fasting glucose to insulin ratio
(<7) appears to be a simple tool for measuring Si for
the screening of prepubertal girls with premature
adrenarche and/or obesity for IR and its complica-
tions (341), despite our increasing reliance on the IR
surrogate IGFBP-1 level.

Hyperandrogenism and PCOS

PCOS is probably the most common endocrinopathy
of young women and leading endocrine cause of
infertility (Vol. 2; Chap. 13) (342). It affects about 6%
to 10% of women in childbearing age. Adolescents
with PCOS usually present with hirsutism, acne, alo-
pecia, and/or irregular menses. These findings
suggest that PCOS usually develops during puberty
but may present at a later time as infertility. In
addition to elevated testosterone, androstenedione,
and DHEA levels, typically there is an increased level
of insulin, and decreased SHBG and IGFBP-1 (343).
One-third of adults with PCOS have IGT (344) and a
similar frequency of IGT has been observed in adoles-
cents with PCOS (345). Girls with PCOS are also at
risk of developing CVDs (345). In a clinical study of
adolescents with PCOS treated with metformin, men-
strualregularityimproved(346).Troglitazoneisanother
potent insulin sensitizer that improved hirsutism and
ovulation in PCOS in a well-controlled study (347),
albeit TZD being subsequently discontinued because
of the serious heptic side effects reported. In an in
vitro study, troglitazone, but not metformin, directly
inhibited the steroidogenic enzymes P450c17 and 3b-
HSD (348). We find that PCOS patients usually have
IR and respond to metformin, but may relapse when
metformin is stopped unless their weight loss has
been significant.

Dyslipidemia and Atherosclerosis

The lipid abnormalities in individuals with IRS are
highly significant and not limited to an increase in
plasma TG (349). The atherogenic dyslipidemia is a
triad of hypertriglyceridemia, low HDL cholesterol

level, and elevated LDL cholesterol (350). As men-
tioned previously, hyperinsulinemia is an independent
cardiovascular risk factor (351). Children with elevated
BMI, systolic BP, serum TG, and LDL lipoproteins, con-
vey greater atherosclerosis risk in the aorta and
coronary arteries as adults (Vol. 1; Chap. 14) (204).

Hypertension

Hyperinsulinemia can increase BP by several mechan-
isms: via its effect to increase renal sodium
absorption, via increased activity of the sympathetic
nervous system, and via FFA-induced sensitivity to
adrenergic stimuli and antagonized nitric oxide vasor-
elaxation (351). Also, transgenic mice that overexpress
leptin develop hypertension. Cruz et al.(352) demon-
strated that Si in overweight children was positively
related to HDL cholesterol and negatively related to
TGs and systolic and diastolic BP. According to
National High Blood Pressure Program (353), normal
BP is defined as systolic BP and diastolic BP that are
below the 90th percentile as per gender, age, and
height; hypertension is defined as average systolic
BP or diastolic BP that is at the 95th percentile as
per gender, age, and height; prehypertension is
defined as average systolic BP or diastolic BP levels
that are at the 90th percentile but below the 95th per-
centile on at least three separate occasions. As with
adults, adolescents with BP levels equal to or higher
than 120/80 mmHg should be considered prehyper-
tensive (Vol. 1; Chap. 13).

Nonalcoholic Steatohepatitis, Nonalcoholic Fatty
Liver Disease

Hepatic steatosis is another complication of IR that
may progress over years with inflammation and
fibrosis into nonalcoholic steatohepatitis. At least
20% of such individuals eventually develop cirrhosis,
liver failure, or hepatocellular carcinoma. Fatty liver
affects 2.6% of children (211), and 22.5% to 52.8% of
obese children and 10% to 25% of adolescents (212).
Rashid and Roberts linked it to hyperinsulinemia in
pediatric NAFLD after finding that 13 of 36 children
with NAFLD had ANs (354). A retrospective analysis
of 43 children with biopsy-proven NAFLD showed
almost all children had IR (355). The disease is usually
silent over many years. Serum levels of ALT, aspartate
aminotransferase (AST), alkaline phosphatase, and
g-glutamyltransferase are elevated and have been
proposed as surrogate markers of hepatic fat accumu-
lation (86). The ratio of AST to ALT is usually less
than 1, but this ratio increases as fibrosis advances.
Although there is no accepted pharmacological treat-
ment that can reverse fatty liver disease, insulin
sensitizers such as metformin (356,357), and troglita-
zone (358) have been shown to decrease liver volume
and ALT levels. In addition, daily antioxidant therapy
in conjunction with weight loss reduces serum amino-
transferase levels (359).
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Tall Stature and Pseudoacromegaly

Accelerated linear and acral growth that resembles
acromegaly is a common feature of patients with IR
(Vol. 2; Chap. 7). They have coarse facial features,
increased hand and foot size, and tall stature. The
levels of GH and IGF-1 are too low to explain this fea-
ture in these patients. Thus, it is most likely a result of
hyperinsulinism, which promotes linear growth by
activating skeletal IGF-1 receptors, whereas low levels
of IGFBPs can promote IGF-1 action by allowing it to
be freely and metabolically available. Pseudoacrome-
galy is also well described in patients with severe IR
(307,360,361). Previous studies in patients with severe
IR and pseudoacromegaly have suggested the pres-
ence of unopposed mitogenic and anabolic actions
of hyperinsulinemia as the main manifestation of
pseudoacromegaly (361,362). Although the primary
defect remains unknown, a selective postreceptor
defect of insulin signaling may result in the acromega-
loid feature of patients with IR (363).

Increased aromatization of androgens to estro-
gens secondary to obesity may contribute growth
acceleration and bone maturation as well as propensity
to adipo/gynecomastia in adolescent boys and enhance
GH production (364). Estrogens affect longitudinal
bone growth through their action on endochondral
bone formation (365). Ghrelin is known to stimulate
GH secretion, and in obesity, ghrelin levels are decrea-
sed (366). However, Korbonits et al. (367) recently
identified polymorphism in the ghrelin gene of 14
children who were both tall and obese, suggesting a
role of ghrelin in stature and BMI. MC4R gene muta-
tions are present in up to 5.8% of obese children who
are tall (> 2 SD above the mean for age) (368). Direct
action of leptin on bone growth can predispose to
pseudoacromegaly (369). Pseudoacromegaly is seen
in the face of low plasma GH level secretion typical
for obesity. Leptin decreases GHRH-receptor gene
transcription, thereby reducing GH levels and respon-
siveness to GHRH (370).

AN and Skin Tags

AN is a skin lesion that is widely used as a clinical
surrogate of laboratory-documented IR/hyperinsuli-
nemia associated with obesity, denoting a subgroup
with a high risk of T2DM. AN is characterized by
hyperpigmentation and a velvety hyperkeratosis that
is mostly seen at axillae, posterior region of the neck,
antecubital fossae, and groin. Less commonly, it
involves the other flexural areas, umbilicus, submam-
mary region, knuckles, elbows, and, in extreme cases,
the entire skin. The severity of AN correlates well
with the degree of insulin responses to IR, although
AN also persists into the decompensated phase of
IR where insulin levels may be normal or low.
Another group studied 19 obese children with AN
and demonstrated the similar strong association
between AN and hyperinsulinemia, IR and T2DM
(371), suggesting that AN may be used as a reliable

index of IR. Nearly 40% of Native American teenagers
have AN, as do 13% of African-American, 6% of His-
panic, less than 1% of white and non-Hispanic
children, aged 10 to 19 years (372). In Caucasian
patients, the AN often appears a light yellow/gray
color rather than a dark lesion, emphasizing that the
lesion represents a thickening of the stratum corneum
that becomes pigmented in a racially dependent man-
ner. Both insulin and IGF-1 receptors have been
identified in cultured human keratinocytes and der-
mal fibroblasts (373). High levels of insulin can
activate both receptors (308). Likely, hyperinsulinemia
induces the mitogenic effects of free IGF-1, which has
higher affinity than insulin to IGF-1 receptors on ker-
atinocytes. Additionally, FFAs, TNF-a and interferon-
g (IFN-g) cytokines that are often elevated in obesity,
can induce up-regulation of PPAR-b/d and thereby
keratinocyte proliferation (374,375).

Skin tags (cutaneous papillamos) are hyperproli-
ferative skin lesions that are frequently seen in obese,
T2DM, and IR patients (376–378). As with AN, skin
tags may result from elevated free IGF-1 and depressed
IGFBP-3 levels, acting directly on cutaneous epithe-
lial cells.

Acne

Acne is a common clinical presentation of IRS
(379,380). Higher serum androgen levels are associa-
ted with increased sebum production, one of the
important components of acne development (Vol. 2;
Chap. 13) (379). Both insulin and IGF-1 stimulate
the synthesis of androgens in ovarian and testicular
tissues (381,382), and increase the bioavailability of
circulating androgens to tissues by inhibiting the hep-
atic synthesis of SHBG (240). In addition, decreased
IGFBPs in the hyperinsulinemic state may also contrib-
ute to unregulated cell proliferation in the follicle,
causing large nodular acne (177).

Inflammation, Impaired Immunity, Allergic
Diathesis, and Autoimmunity

IRS and T2DM have increased markers of inflam-
mation, such as CRP, erythrocyte sedimentation
rates, and TNF-a levels. Data from the NHANES III
cohort of 5305 children showed that 24.2% of boys
and 31.9% of girls with BMI greater than the 95th per-
centile had elevated CRP levels (383). The Bogolusa
and Pathobiological Determinants of Atherosclerosis
in Youth studies confirmed the significance of ele-
vated CRP for future atherosclerosis development in
children. BMI (384) and adiposity have been reported
to be major determinants of CRP levels in children. In
addition, low levels of adipocytokines, especially adi-
ponectin, are described in very young obese children
and correlates well with IR (385). Among adults, those
with baseline CRP in the top quartile were found to be
twice as likely to develop diabetes over three to four
years of follow-up as those with lower levels (386).
A previous study revealed significantly elevated
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TNF receptors Type-2 in obese children compared
with lean children, with significantly elevated levels
in the group of obese children with IGT (Anhalt et al.,
personal communication).

Leptin has been shown to up-regulate the pro-
duction of proinflammatory cytokines, including
TNF-a and IL-6, to increase phagocytosis by macro-
phages, and to increase T-helper cell Type-1 (Th1)
levels and suppression of T-helper cell Type-2 (Th2)
cytokine production in mice (387).

A connection between leptin and autoimmunity
was recently recognized in the light of understanding
that leptin could favor proinflammatory cell responses
and directly influence the development of autoimmune
disease mediated by Th1 responses. Intraperitoneal
injections of leptin accelerated autoimmune destruction
of insulin-producing b-cells and significantly increased
IFN-g production in peripheral T-cells in nonobese
diabetic mice. Similar observations were documented
by leptin injections given to C57BL/6J-ob/ob mice that
converted these mice from disease-resistant to suscep-
tible-to-autoimmune encephalomyelitis. This switch
was accompanied by a Th2 to Th1 pattern of cytokine
release and consequent reversal of Ig subclass pro-
duction (388). Thus, leptin resistance evident in IR
could be biased to Th2-type responses.

The role that leptin plays in the immunosuppres-
sion of malnutrition is increasingly recognized. Seven
of 11 children in the family with a leptin mutation died
of infections in childhood (389). At the same time, it
was shown that leptin treatment of human lympho-
cytes during a mixed lymphocyte reaction in vitro
enhanced IFN-g production and blunted IL-4 pro-
duction (387).

A significant association between asthma and
obesity has been noted, especially during puberty.
One of the possible mechanisms is that obesity repre-
sents a proinflammatory state, and leptin levels
influence Th1/Th2 cytokine responses. Relationships
between birth weight and adult BMI, and between
obesity and asthma have been well recognized. BMI
correlated with the prevalence of asthma in both boys
and girls. It was noted that girls who became obese
between ages 6 and 11 years were seven times more
likely to develop new asthmatic symptoms at ages 11
to 13 years (390). At the same time, intervention trials
documented the beneficial effect of weight loss on
improvements in forced expiratory volume in one
second, forced vital capacity, dyspnea, use of rescue
bronchodilators, and the median number of asthma
exacerbations in the treatment group compared with
the control group (391). We regard IR children to often
have an allergic diathesis, with increased rates of
allergic rhinitis, eczema, and asthma.

Hypoventilation and Sleep Apnea

Excess body fat leads to a decline in the expiratory
reserve volume, vital capacity, total lung capacity,
and functional residual volume, probably due to the

excess body mass per se, although others implicate
excessive leptin levels (392).

Malignancy

The prevalence of endometrial cancer, cervical cancer,
and renal cell carcinoma in women increases in pro-
portion to BMI, while liver cancer and some
gastrointestinal malignancies are increased markedly
in obese men. It is unclear as yet whether childhood
obesity predisposes to childhood or adult malignancy,
although a retrospective study revealed a 9.1-fold
(range 1.1- to 77.5-fold) increase in the incidence of
colon cancer among elderly men (not women) who
had been obese as adolescents (393). During hyperin-
sulinemia state, decreased IGFBP-1 and -2 and SHBG
levels leading to increasing free IGF-1 and sex steroids
may contribute to increased risks of certain malignan-
cies in obese adults (24).

Other Associations

Additional complications of obesity/IR include pseu-
dotumor cerebri, Blount’s disease, slipped capital
femoral epiphysis, and psychological problems. Man-
off et al. compared 106 subjects with radiographically
diagnosed SCFE with 46 controls without radio-
graphic evidence of SCFE. In the SCFE group, 81.1%
of individuals had a BMI above the 95th percentile;
for the control group, the corresponding figure was
only 41.3% (394).

DIAGNOSIS
Clinical Diagnosis of IR and IRS

Clinical findings that suggest IRS are the presence of
abdominal obesity, ANs in skin fold areas such as
the nape of the neck, the axillae, and the groin; acne,
hirsutism, and irregular menstrual periods or amen-
orrhea indicating underlying PCOS. However, a
clinical definition of IRS in children currently does
not exist. In contrast, clinical definition of IRS in
adults was recently proposed by the WHO and the
Adult Treatment Panel III of the National Cholesterol
Education Program (395). The availability of a clinical
definition allows optimal identification of individuals
at risk for T2DM and CVD to the investigators. A dif-
ficulty on the definition of IRS in children is partly
due to growth and developmental changes that occur
during childhood and adolescence, which complicate
the determination of cut-off points for risk factors that
have been used to define adult IR (396). For example,
it is difficult to define obesity in children (Vol. 1;
Chap. 1). Because children’s heights and weights are
changing as they grow, it is not possible to give a sim-
ple cut-off point to define overweight, or obesity, as is
the done for adults (396). As mentioned earlier, today,
CDC recommends avoiding using the term ‘‘obesity’’
for children (315). Preferred terms are ‘‘overweight’’
(defined as a BMI � 95th percentile for age and sex)
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and ‘‘at risk of overweight’’ (reserved for children
with a BMI �85th percentile but < 95th percentile
for age and sex) (315). However, BMIs may be mis-
leading in muscular youths.

In a more recent study, to identify children and
adolescents with risk factors for obesity and IRS, risk-
based, age- and sex-specific thresholds for increased
waist circumference were developed (399). Waist cir-
cumference is a more specific indicator to assess
central obesity in adults than it is for children and ado-
lescents. BMI z-score is another tool that has been used
in some studies to assess obesity in children (11).

Laboratory Evaluation

IR is defined as an impaired ability to: promote peri-
pheral glucose disposal at usual blood-glucose
concentrations, suppress hepatic glucose, and inhibit
VLDL output with the conjunction of clinical evidence
and confirmed by measurement of insulin and glu-
cose levels by several tests. Currently available tests
for assessing IR include measurement of the fasting
insulin to glucose ratios, oral glucose tolerance tests
(OGTT) (307), the minimal model frequently sampled
IVGTT (FSIVGTT) for Si (398), IV administration of
insulin (307), and euglycemic hyperinsulinemic clamp
procedure for the measurement of in vivo insulin-
mediated glucose disposal (399).

Fasting levels of insulin greater than 15 mU/mL,
or insulin peak (post-OGTT) levels of more than
150 mU/mL and/or more than 75 mU/mL at 120 min-
utes of OGTT are hyperinsulinemic levels, which infer
IR (400) in adults.

Numerous indexes have been developed to mea-
sure Si from OGTT (Table 5). Such approaches are
simple, albeit insensitive, have been validated for epi-
demiological studies (406,413). They correlate with the
indexes of Si obtained from glucose clamp studies and
minimal model analysis (414).

The minimal model FSIVGTT is a more accurate
method of quantifying Si, AIR, and DI (399). In this
test, an IV injection of a fixed amount of glucose is fol-
lowed by frequent blood sampling over 180 minutes
and subsequent modeling of the relevant plasma glu-
cose and insulin data to derive the indexes of Si and
glucose effectiveness. The AIR characterizes the first
phase of insulin secretion that is a marker of early
b-cell compensation (399). In nonobese children, the
normal AIR range was recently reported by
Gower et al.(415) to be 747 � 122 mU/mL in Cauca-
sians, 1210 � 116 mU/mL in African-Americans,
and 938 � 38 mU/mL in Hispanic children at Tanner
stages 1 to 3.

IR index (Si), calculated from IVGTT of 2�10�4

min�1/(mIU/mL) or less, typically occur in the pres-
ence of IR, where values of 5�10�4 min�1/(mIU/mL)
or more are normal in adults and children (416).
Si was reported to be in the range of 6.57�
0.45�10�4 min�1/(mIU/mL) in prepubertal children,
4.63� 0.86�10�4 min�1/(mIU/mL) in postpubertal

adolescents, and 2.92� 0.45�10�4 min�1/(mIU/mL)
in pubertal children (417). Gower et al.(415) reported
that IR in children at developmental Tanner stages 1
to 3 is different between races: Caucasian children,
6.3� 0.6�10�4 min�1/(mIU/mL); African-American
children, 4.1� 0.6�10�4 min�1/(mIU/mL); and Hispa-
nic children, 4.5� 0.5�10�4 min�1/(mIU/mL).

The DI characterizes the relationship of insulin
secretion to the degree of IR. The DI calculated by
(AIR�Si) describes the hyperbolic relationship between
insulin secretion (AIR) and Si from FSIVGTT, which is
sensitive to detect even latent b-cell defects (134).
Gower et al.(415) reported DI from AIR (minutes�1)
to be in the range of 0.29 � 0.07 in Caucasian,
0.45� 0.07 in African-American, and 0.35� 0.05 in
Hispanic children at Tanner stages 1 to 3.

Hyperglycemic and euglycemic–hyperinsuline-
mic clamp studies are well established for assessing
b-cell function and Si and considered to be the gold
standard in the assessment of IR. But these are rela-
tively invasive procedures requiring concurrent IV
infusion of insulin at a fixed rate (usually raising
plasma insulin levels to either 100 or 1000 mU/mL)
and glucose at a variable rate, as necessary to maintain
normoglycemi(418). Upon reaching steady state, the
glucose disposal rate (M) is proportional to the exogen-
ous glucose infusion rate (418). However, all these tests
are expensive and invasive, with lack of reference
points for children for accurate measurement of IR.
Furthermore, current surrogates are not accurate
during puberty (419). Thus, additional studies of alter-
native techniques for evaluating SI are needed. Our
own studies suggest that increased hepatic insulin
fluxes consequent to IR down-regulate hepatic pro-
duction of IGFBP-1, which appears to be a useful
surrogate marker for IR, which appears to be not
depend upon insulin levels in the systemic circulation.

SCREENING

Despite growing evidence that IRS is a risk factor for
T2DM and CVD in children and adults, at present
there are no guidelines for the screening and manage-
ment of children or adolescents for IRS. To assess
obesity in children, BMI is most commonly used (315).
A child or adolescent whose weight is equal to or
above the 85th percentile is likely to have the risk fac-
tors leading to T2DM or CVD. Therefore, primary care
providers must be aware of the following risk factors
and screen children during their yearly checkup (420):

1. Birthweight (SGA, LGA).
2. Family history of obesity and T2DM in first- and

second-degree relatives.
3. Certain race/ethnic groups (Native Americans, African-

Americans, Hispanic-Americans, Asians/South-Pacific
Islanders).

4. Signs of IRS or conditions associated with IR (elevated
insulin levels, IGT, dyslipidemia, hypertension).

5. Findings from an initial screening may necessitate
further investigation and the testing should begin no
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later than the age of 10 years, or sooner if puberty
already started (396).

Although, American Diabetes Association
(ADA) recommends biennial screening of children
for diabetes by a fasting plasma glucose level, it is well
known that postprandial glycemic levels rise abnor-
mally for long periods before fasting blood-glucose
levels become elevated too. American Heart Associ-
ation (421) and The American Academy of Pediatric
Expert Committee on Evaluation and Treatment of
Obesity in Children (422) recommend measurement
of both fasting glucose and insulin in children at risk
for IR. In addition, screening for hypertension and
dyslipidemia including low HDL cholesterol and
hypertriglyceridemia should be done for children
who are overweight and/or at risk for IRS.

TREATMENT

According to the ADA, the first generation of American
children is destined to have poorer health and reduced
longevity than previous generations. Ten and Maclaren
state that: ‘‘attention must be urgently given to our
nation’s children who continue to become more obese
and more insulin resistant with the passage of time’’

(167). Despite the increased prevalence and incidence
of pediatric obesity and IR over the past 15 to 20 years,
there remain no practice guidelines for management of
these problems in children.

Diet

Lifestyle modifications including diet and physical
activity have been shown to improve in Si, dyslipide-
mia, glucose tolerance, and BP in obese adults with
IRS (423). Diabetes Prevention Program and Research
Group demonstrated that regardless of ethnic back-
ground, a small degree of weight loss (5–7%) with a
low-calorie, low-fat diet, plus increased physical
activity can prevent progression to T2DM in high-risk
individuals (424). Caloric reduction is the essential
component of weight loss. In addition to low-calorie,
changes in macronutrient composition of diet have
been used to promote weight loss and increase Si
(Vol. 1; Chap. 2). These diets can range from a proper
mix or zone of complex carbohydrates that reduces
postprandial serum insulin (Zone diet, the South
Beach diet), to very high-fat diets that induce satiety
by causing ketogenesis and reducing gastrointestinal
motility (the Atkin’s diet) (326). Despite a relative
lack of scientific data, these diets have become increas-
ingly popular. However, the difficulties their

Table 5 Methods of Measuring Insulin Resistance from Oral Glucose Tolerance Tests

Indices from oral glucose tolerance

tests (OGTT) Formulae References

Fasting levels of insulin or insulin

peak (post-OGTT)

�15 and/or peak �150 mU/mL are hyperinsulinemic levels 401

HOMA Glu0minðmmol=LÞ � Ins0minðmU=mLÞ
22:5

402

QUICKI 1

log ðIns 0 minÞ þ log ðGlu 0 minÞ
403

Belfiore 2

ðAUC insulin� AUC GluÞ þ 1

404

Cederholm 75; 000þ ðGlu 0 min�2� hr GluÞ � 0:19� BW120� logðmean InsÞ � mean Glu 405

Gutt 75; 000þ ðGlu 0 min�2�hr GluÞ � 0:19� BW

120� logðIns 0 minþ2� hr Ins�=2Þ � ½Glu 0 minþ 2� hr Glu�=2

406

Matsuda 10; 000
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðIns 0 min�Glu 0 minÞ � ðmean Glu mean InsÞ

p
407

Stumvoll 0.22–0.0032� BMI� 0.0000645� 2-hr Ins� 0.0037� 1.5-hr Glu 408

Soonthornpun [1.9/6 � BW (kg)� fasting Glu þ 520� 1.9/18 � BW � AUC Glu

urinary Glu 1.8] � [AUC ins � BW]

409

McAuley Exp [2.63–0.28 logn (ins mU/L) - 0.31 logn (triglycerides mmol/L)] 410

Oral glucose insulin sensitivity index Table for calculation is available online (http://www.ladseb.pd.cnr.it/bioing/ogis/

home.html)

411, 412

Abbreviations: Glu, Glucose; Ins, insulin; AUC, area under the curve; BMI, body mass index.

Source: From Ref. 167.
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management places in children and adults have not
been adequately investigated as yet. The prototypical
weight-loss program designed for youths is based on
restrictive diets, behavior modification techniques,
physical activity, and/or drugs; these approaches,
however, generally have not been successful and do
not necessarily address insulin resistance and the
underlying risks beyond weight loss (425). Some stu-
dies have shown that dieting may be ineffective and
even counterproductive as it may actually cause
weight gain in children and adolescents (426).

Studies in adolescents have demonstrated that a
diet that is high in fiber and with a low glycemic
index is associated with a lower BMI as well as better
insulin sensitivity (427). Such a diet also is associated
with reduced risk of developing T2DM and CVD, as
well as with improvement of glucose control in dia-
betic patients (428). Diets containing low glycemic
index have been shown to reduce plasma glucose,
improve IR in obese children (429,430), and decrease
food intake (425,431).

Current recommendations for children and ado-
lescents are made based on the food pyramid,
nutritionally balanced meals to support growth
(432). Use of the ‘‘traffic light diet’’ helps children
and families to differentiate food choices primarily
based on fat content that correspond to the three col-
ors on a traffic light (433). Family-based behavioral
interventions for obese children are considered safe
and useful treatment options. These interventions
have been associated with decrease in total choles-
terol, increase in HDL cholesterol, decrease in IR
and return of ovulatory cycles (434). We are, however
impressed by head-to-head studies of low carbo-
hydrate versus low fat diets, which show that the
former significantly reduces calorie consumption
and induces more weight losses than the latter. Our
extensive clinical experience is in line with this also.

Physical Activity

For adults, regular physical activity improves fast-
ing glucose, insulin levels, and dyslipidemia, and
decreases the risk of developing T2DM (435–438).
Studies in children and adolescents are limited. Some
studies did not show any relation to any measure
of Si and secretion (439). However, data from 357
nondiabetic children showed that physical activity
correlated with lower fasting insulin and
greater Si in childhood (440). A cross-sectional study
of obese children demonstrated that exercise
decreased fasting insulin and improved dyslipidemia
in the absence of diet (441). Other studies also showed
similar findings with improvement of IRS markers
(442) and body composition (443). Regular physical
activity may also improve BP, both directly and by
increasing Si (444,445). Improvement in endothelial-
function has been observed following exercise in
overweight children and adolescents (446,447).
These results are consistent with the hypothesis that

increasing physical activity may reduce the risk of
T2DM in children and adolescents by improving
insulin action at the whole body and tissue level. Even
with short-term exercise training, Si increases 33%
and insulin receptor function improves significantly
(448). Improved insulin action by exercise training is
associated with increased glucose transport by acti-
vation of earlier steps of insulin-signaling pathway
and translocation of GLUT-4 to the plasma membrane
in muscle (449).

Pharmacological Treatment of IRS
Metformin
Metformin is approved for the treatment of T2DM in
children, but is also the drug of choice for IR and IRS.
Some have suggested that it is the gastrointestinal
side effects of the drug that account for much of its
action. However, the drug is effective in T2DM with-
out weight loss, being found to reduce hepatic glucose
output in particular. Metformin has various mechan-
isms of action in IR. It enhances insulin binding to
insulin receptor in case of its down-regulation by
insulin receptor autoantibodies (450,451), and it other-
wise increases binding of insulin to its receptor, with
augmented phosphorylation and tyrosine kinase
activity of the receptor (452). It is effective even in
cases of insulin receptor mutations (453). It increases
peripheral utilization of glucose though potentiating
the phosphoinositol 3-kinase after engagement of the
insulin receptor, increasing translocation of the
GLUT-1 and GLUT-4 isoforms to cell membrane in
different tissues (452–457); increases the activity of
adenosine monophosphate kinase in muscle and liver;
and reduces cytochrome P450c17 activity (458). It is
considered safe and effective in pregnant women
to decrease extreme hyperandrogenemi(459,460). It
increases IGFBP-1 (461); decreases endothelin-1, a
marker of vasculopathy, and decreases hepatic glucose
output. Metformin down-regulates TNF-a expression
and uncoupling protein-2 mRNA concentrations in
liver, thus decreasing hepatic lipid biosynthesis (358).
Metformin is safe for the treatment of IR in pediatric
patients (462–465). Our experience in treating obese
children and adolescents with IR or PCOS with metfor-
min is, likewise, very positive. We treated 16 females,
15 to 28 years of age, who had IR and hyperandrogen-
ism, with metformin (850 mg, three times daily) for a
period of eight months to one year. Si, area under the
curve for insulin, SHBG, testosterone and androster-
one levels, and levels of TGs improved significantly
(466). When gradually increased doses were given to
minimize gastrointestinal side effects, this was a safe
and effective agent.

Thiazolidinediones

The PPAR-g agonists are a group of ligand-activated
transcription factors that govern energy metabolism,
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cell proliferation, and inflammation (467). PPAR-g
agonists are effective at insulin sensitization, but are
less useful in supporting weight loss. The PPAR-g iso-
type is mainly expressed in adipose tissue, where it
stimulates adipogenesis and lipogenesis. PPAR-g ago-
nists have been shown to decrease inflammatory
proteins and adhesion molecules, decrease cytokine
production, improve lipid oxidation, reduce FFA
secretion from adipocytes, decrease 11bHSD1, reduce
intramyocellular lipids, and reduce muscle IR (468);
decrease PAI-1 expression in endothelial cells (469);
decrease testosterone levels in IR females (470); and
markedly induce adipocyte glycerol kinase gene
expression. By inducing glycerol kinase, TZDs mark-
edly stimulate glycerol incorporation into TGs and
reduce FFA secretion from adipocytes (471). Weight
gains and fluid retention are troublesome side effects
seen with increasing dosages of these agents.

Lipid Lowering Agents

Hypertriglyceridemia raises the risk of fatty liver
disease, pancreatitis, and gallstones, while the dyslipi-
demic profile of IR is also atherogenic. Both are
reasons to treat the lipid disorder of IR.

‘‘Fibrates’’ lower TG levels, as mediated through
the PPAR-a transcription factor, mainly in liver, where
it has an important role in FA oxidation, gluconeogen-
esis, and amino acid metabolism. Pretreatment of
endothelial cells with a PPAR-a agonist (fenofibrate)
reduced markers of inflammation such as vascular
cell adhesion molecule-1 expression, CRP, fibrinogen,
PAI-1, and IL-6 (472). In cases of combined TG-LDL
cholesterol elevations, some combinations of fibrates
and statins have been reported to induce serious rhab-
domyolysis (473). The use of different combinations or
of a cholesterol gastrointestinal uptake inhibitor such
as Zetia may be indicated. Fibrates are the drugs of
choice in treating the dyslipidemia of IR because they
lower TG levels and have a modest effect in raising
HDL cholesterol. Some patients happen to have raised
LDL cholesterol levels as well as IR-related dyslipide-
mia. In these patients, combination fibrate and statin
therapy may be required. Use of gemfibrozil with a
statin raises the risk of muscle necrosis that has not
been reported with fenofibrate.

‘‘Statins’’ inhibit 3-hydroxy-3-methylglutaryl-
CoA reductase, the rate-limiting enzyme in the
mevalonate pathway through which cells synthesize
cholesterol. To compensate for decreased synthesis
and to maintain cholesterol homeostasis, cells, parti-
cularly hepatocytes, increase the expression of LDL
receptors, which increases the uptake of plasma LDL,
the main carrier of extracellular cholesterol, resulting
in lower plasma LDL concentrations. Decreased
plasma LDL levels reduce the progression of athero-
sclerosis and may even lead to the regression of
preexisting atherosclerotic lesions. Statins have impor-
tant immunomodulatory effects as well and are able to
decrease the recruitment of monocytes and T-cells into

the arterial wall and inhibit T-cell activation and pro-
liferation in vitro (474).

Treatment for acne, hirsustism, and PCOS when
found with IR usually responds to insulin-sensitizing
therapy. However, OCPs will raise SHBG and down-
regulate LH and thus ovarian androgen secretion
and may be of adjunctive value. Estrogens, however,
raise the possibility of thromboses. The use of antian-
drogens sometimes has a place also by blocking
androgen binding to receptors on hair follicles. Spiro-
nolactone is a general steroid receptor blocker but the
one approved for use in the United States by the Food
and Drug Administration (FDA). It may cause vaginal
bleeding in larger doses as well as hyperkalemia. Flu-
tamide is not approved in the United States but has
more specific effects in blocking androgen steroid
binding to receptors, but has induced serious hepatic
damage in some, and liver enzymes must be closely
monitored when using it.

Thrombolytics

Aspirin at low doses inactivates the enzyme cycloox-
ygenase, which catalyzes the conversion of
arachidonic acid to prostaglandins G2 and H2. These
prostaglandins are precursors of thromboxane, a
potent platelet proaggregant which leads to pro-
thrombotic state in IRS and vasoconstrictor. Aspirin
also improves insulin action in vivo by promoting
insulin signaling by decreasing inhibitory IRS1 serine
phosphorylation (475). Low doses of entericoated
aspirin (81 mg/day) are preferred. Aspirin should
be used in diabetic individuals over the age of 30
years who are at high risk for cardiovascular events,
and may have a place in dyslipidemic children with
IRS prone to pancreatitis.

Appetite Suppressants

Orlistat and sibutramine are the only two drugs that
are approved for use in obese children. Orlistat is a
pancreatic lipase inhibitor and is approved in children
older than 12 years in the United States. Studies in
obese adolescents with orlistat showed similar results
to those in adults with decreased BMI, total and LDL
cholesterol levels, and reduced fasting insulin and
glucose (476,477). Side effects are usually tolerable
and consist mainly of gastrointestinal problems such
as flatulence.

The other FDA-approved drug for obesity, sibu-
tramine, is approved for obesity in adolescents older
than 16 years. Sibutramine inhibits serotonin reuptake
and induces premeal hypophagia. The common side
effects are mild elevation of BP (478,479). It may also
induce depression, anxiety, and insomnia.

‘‘Rimonabant,’’ a selective canabinoid-1 receptor
blocker, is the first new class of appetite suppressant
(480). Studies in obese adults showed that rimonabant
reduces body weight, waist circumference, and impro-
ves lipid and glucose metabolism (481). Rimonabant
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in Obesity (RIO) trials in Europe and North America
demonstrated that rimonabant is well tolerated among
patients. The most frequent side effects are nausea, diz-
ziness, and upper respiratory tract infections (482).
Rimonabant is about to complete Phase III trial and is
under FDA review as Accomplia. There is no study on
the effects of Rimonabant in children as yet.

Zhang et al. recently reported ‘‘Obestatin’’ as a
new appetite suppressant. Obestatin is derived from
the ghrelin gene due to posttranscriptional modifi-
cation. Contrary to the appetite-stimulating effects of
ghrelin, treatment of rats with obestatin had sup-
pressed food intake, inhibited jejunal contraction,
and decreased body weight gains (483).

Leptin

Leptin is the first of a group of adipocyte-secreted hor-
mones to be used clinically to treat leptin deficiency.
In children with congenital leptin deficiency and
extreme obesity, leptin induces satiety and a dramatic
loss of weight (484). In hypoleptinemic patients with
extreme IR and lipodystrophy, leptin dramatically
ameliorates IR, hyperglycemia, hyperinsulinemia,
dyslipidemia, and hepatic steatosis (485).

Antiepileptic Drugs (Zonisamide and Topiramate)

Currently, two antiepilepsy drugs, topiramate (Topa-
max) and zonisamide (Zonegram), are under
investigation for their weight-loss effects. During anti-
seizure trials, it was noted that individuals who took
these drugs lost weight compared to the placebo group
(486,487). Clinical studies reported that topiramate
treatment reduced body weight and decreased fasting
blood-glucose levels in obese patients with or without
T2DM (488). Studies in ZDF rats and db/db mice
showed that topiramate ameliorates hyperglycemia
by improving glucose-induced insulin release (489).
Another study in rats fed with a high-fat diet showed
that topiramate treatment markedly lowered glucose
and insulin levels during glucose-tolerance tests, and
induced increased insulin sensitization in adipose
and muscle tissues as assessed by euglycemic clamp
studies (490). The most common adverse effects of
topiramate are related to the central or peripheral
nervous system including paresthesia, difficulty with
concentration/attention,depression,memory, language
problems,nervousness,andpsychomotorslowing.Both
loss of weight and side effects are dose-dependent.

Alphaglucosidase Blockers

One of the goals of treating IRS is prevention or delay-
ing of developing diabetes and CVD. Acarbose, an
alphaglucosidase inhibitor, reduces postprandial hyper
glycemia by delaying carbohydrate absorption from the
small intestine. This mechanism of action provides
glycemic control without increasing insulin levels and
exacerbatingcoexistingcardiovascularriskfactors(491).
Studies with acarbose showed significantly increased

reversion of IGT to normal glucose tolerance in a short
period (492). The Study to Prevent Noninsulin-Depen-
dent Diabetes Mellitus (STOP-NIDDM), which used
acarbose in 1429 individuals with impaired glucose tol-
erance, showed that acarbose reduced the risk of
cardiovascular events by 49% (493).

Bariatric Surgery

Restrictive surgical procedures based on an adjustable
silicone band placed around a stomach fundal pouch
can create a functional partition of the stomach and
diminish the capacity to eat large quantities of food at
a sitting. Gastric banding has been shown to be success-
ful for weight loss in adults (494). Whereas restrictive
proceduresareeffectiveinreducingintakeofsolidfoods,
high consumption ofmore liquid high-calorie foods may
prevent weight loss (495). Thus, banding must be seen
by the patient to be adjunctive to a low carbohydrate
diet and exercise regimen to succeed. Intestinal bypass
surgery in children should probably only be used in
cases of potentially life-threatening complications such
as sleep apnea or seriously impaired venous return
from the legs etc. In obese adults, such surgery is increa-
singly embarked upon and while often successful, is
accompanied by a raft of complications such as vitamin
deficiencies, liver disease, and stomal ulceration. The
degree of T2DM is often mitigated by such surgery.

SUMMARY

The rise in childhood IR-related disorders is closely
tracking the obesity epidemic worldwide, creating a
serious threat to the current and future health of affec-
ted children. Unless ways to prevent obesity and IR in
childhood and adolescence at the population level are
found, IR and its effect on health, including CVD and
T2DM, will continue to increase. More diligence in
screening for those at risk, better identification of chil-
dren and adolescents with IR, and improved support
for these children and their families to make healthy
lifestyle changes are urgently needed. Practitioner
education is also required to alert pediatricians to the
problems of childhood IR and to have them initiate
therapies before they find that, contrary to expectation,
their obese patients failed to ‘‘out grow’’ it during ado-
lescence. The onset of obesity in infancy is associated
with a growing number of genetic satiety disorders,
while IR occurs in many children who are not obese.
Although gaining further knowledge of energy metab-
olism and satiety is obviously important, strategies
involving early lifestyle modifications, aided by tar-
geted pharmaceuticals, are likely to make a more
immediate clinical impact.
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INTRODUCTION

Small size at birth has long been recognized to increase
neonatal morbidity and mortality. As early as 1962,
Neel, a population geneticist, proposed that changes
of in utero environment made to guarantee survival
during adverse conditions could become harmful dur-
ing nutrition abundance (1). This concept is now well
established. Reduced growth in early life is strongly
linked with a number of endocrine dysfunctions.
Included among the most important alterations are
insulin insensitivity, gonadal and somatotropic axis
abnormalities, and premature adrenarche (2,3). These
have been associated with an escalating prevalence
of Type 2 diabetes mellitus (T2DM) (4) coronary heart
disease (CHD) (5), abnormal gonads and genitalia
(6–9), growth hormone (GH) resistance and decreased
growth (7,10), and early puberty (8). The usual hypoth-
esis proposed to explain the development of these
long-term alterations relates to the thrifty phenotype
as an adaptive response to in utero malnutrition (9)
and modifications thereof; initially termed ‘‘fetal ori-
gins’’ (11) and updated to ‘‘developmental origins,’’
which include the additional contributions of the
patterns of growth in infancy and childhood (10).
Throughout this chapter, we review the current
knowledge of the programming of the fetus and infant,
which lead to endocrine dysfunction in postnatal life.

GENETIC FACTORS OF FETAL GROWTH

Fetal growth is a delicate controlled process influenced
by hormones, growth factors and the intrauterine
milieu. Examples of some variables that affect fetal
growth are chromosomal abnormalities, genetic dis-
eases, maternal alterations (TORCH, hypertension,
nutrition, tobacco, collagen diseases), and placental
and demographic factors. The mechanisms that parti-
cipate in the regulation of size at birth and the later
consequences of the intrauterine insult are shown
in Figure 1. Insulin trophic actions play a key role in
the regulation of fetal growth; this is evidenced by

the severe intrauterine growth impairment occurring
in congenital mutations of the insulin structure or of
the insulin pathway function (1–3) and by the reduced
size of the fetus present at birth in infants with specific
gene mutations (10,12,13). The opposite picture devel-
ops in diabetic hyperglycemic mothers who give birth
to large-for-gestational age infants as a result of
chronic in utero fetal hyperinsulinism, which develops
to compensate for maternal glycemic fluxes.

Experimental models that retard fetal growth in
rats induce modifications of glucose utilization in several
fetal tissues (12,14). In addition, insulin-like growth
factors (IGFs) and their binding proteins (IGFBPs) are
involved in the regulation of fetal growth (13).
In fact, the mechanisms of action of IGFs and insulin
are shared at several levels in the cell (15). Models that
attempt to explain the association of low birth weight
(LBW) and postnatal diseases consider as central the
action of insulin and related peptides (11,16). Genetically
programmed low energy consumers would present
resistance to anabolic hormones such as insulin (17).
However, no mutation has been identified to explain
the strong highly prevalent linkage to insulin resistance
genes (18).

The candidate genes associated with reduced size
at birth are shown in Table 1. These include homozy-
gous or compound heterozygous insulin receptor (IR)
mutations causing Leprechaunism (19), insulin promo-
ter factor-I (IPF1) mutation with pancreatic agenesis
(20), and heterozygous glucokinase mutation (14).
These mutations may involve alterations in any of the
factors that belong to the family of growth receptors
with intrinsic tyrosine kinase activity, including
the IR, IGF-I, its receptor (IGF-I-R), and the hybrid
IR/IGF-I-R (21). These lead to signaling pathway
alterations in insulin action and constitute molecular
targets of insulin resistance (22). The cellular effectors
of insulin participate in intermediary metabolism
and in cell proliferation; a disruption in action results
in insulin resistance (22,23).

The pattern of insulin secretion per se is able to
modify the response of peripheral tissues to this



hormone (24). A relevant factor that determines the
pattern of insulin secretion is the short-term insulin
gene transcription by glucose in the late phase of Beta
cell response (25). In vitro, the gene promoter of vari-
able number of tandem repeat (VNTR) alleles of
insulin is able to modify its transcriptional activity
through the Pur-1 factor (26). These molecular
findings have clear clinical correlations that associate
allelic variants of VNTR in the insulin gene with
diabetes mellitus (DM), as well as reduced size at birth
(27,28). In Caucasian populations, the most frequent
allelic VNTR at the insulin gene minisatellite locus
(Type I) is associated with an increased risk for
Type 1 DM (T1DM), whereas the Type III allelic VNTR
is associated with T2DM, obesity and ovarian hyper-
androgenism (23,27). The Type III allele is also
associated with increased birth weight (28). We

recently demonstrated a greater insulin secretion after
an intravenous (IV) glucose infusion in a cohort of
term one-year-old infants who had the Type III allelic
VNTR (29). A second candidate gene, the one encod-
ing calpain (CAPN10), was also identified as being
responsible for the T2DM association with the 1 locus
in chromosome 2 (30). Other genes that have been
proposed to be involved in the association of LBW
and later insulin resistance include IGF-1, IRS-1,
Glucokinase, H19, preadipocyte factor-1, and growth
factor receptor–bound proteins, which constitute a
family of structurally related multidomain adapters
with diverse cellular functions, which have been
implicated in the regulation of IR signaling (14,31).

IN UTERO PROGRAMMING

Several authors have proposed the existence of a pre-
natal metabolic programming that would promote
the development of a ‘‘thrifty phenotype’’ (9). A poor
intrauterine nutrition would determine an endocrine
adaptation designated to sustain the development of
more sensitive organs, such as the central nervous
system. This response consists mainly of the inhibi-
tion of anabolic factors (insulin and IGFs) in muscle,
adipose, and connective tissues during the time of
need, which would persist into adult life (11). In ani-
mal models there are some examples of prenatal
adaptations that persist into postnatal life (32,33).
However, in humans, there is no direct evidence to
support this theory.

Programming Evidence

Various experimental models have been utilized to
study the potential in utero programming mechanisms
of a thrifty phenotype. Nutritional restriction of the
pregnant animal, in terms of total calories or protein
deprivation, is a model that has been utilized to test
this hypothesis (32). The human extension of these
results has been controversial (34), since LBW due to
maternal nutrition deprivation is rare in the occidental
world. Another model employed has been the
restriction of oxygen delivery to the placental–
uterine bed. This model exposes the pregnant animal
to low oxygen tension in the environment (35). This
model is clearly not applicable to humans.

Wigglesworth developed a model in rats that lim-
its the uteroplacental oxygen delivery (36), and this has
also been applied to sheep (37). In this model, partial or
total stretching of the uterine artery(s) during the last
part of gestation is used. Recent modifications to the
technique apply repeated embolization of uterine ves-
sels (38) and systemic use of vasoconstrictor agents
such as tromboxan (39). These maneuvers have been
used to better reflect what occurs in intrauterine growth
restriction (IUGR) due to placental dysfunction, which
is the most common cause of small-for-gestational age
(SGA) deliveries (50%) (40).

Figure 1 Mechanisms that participate in the regulation of fetal size at

birth and later consequences of intrauterine insult.

Table 1 Genes Associated with Reduced Growth Utero ‘‘Thrifty Genotype’’

Homozygote or compound heterozygous insulin

receptor mutations

Leprechaunism

IPF1 mutation with pancreatic agenesis LBW

Heterozygous glucokinase mutation LBW

IGF-I LBW

IGF-I receptor LBW

Insulin gene: polymorphism of tandem repeat

in the promoter gene of insulin (VNTR) I/I

LBW

GRB-10 and H19 Russell–Silver

syndrome (LBW)

Abbreviations: IGF, insulin-like growth factor; LBW, low birth weight; VNTR,

variable number of tandem repeat; IPF-1, insulin promoter factor-1.
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In spite of the differences between the above
experimental models, the data have been consistent
and provide evidence of the fetal and new born
metabolic consequences of the adverse intrauterine
environment. Both protein caloric restriction and
vascular supply produce a fetus and newborn that
develops hypoglycemia, hypoaminoacidemia, and
hypoinsulinemia, among the most important metabolic
consequences (41,42). Hypoinsulinemia correlated
with the alterations in the development of beta cells
in the islet of Langerhans (43,44). However there was
no glucose intolerance and the glucose uptake in
peripheral tissues (muscle and adipose) (45) and
insulin/glucose ratios in fetuses and newborns indi-
cated that there was a greater insulin sensitivity
compared to control animals (41,42). These findings
are in agreement with limited human data provided
by chordocentesis (46).

These experimental data have led some authors
to cast a note of caution about the Barker’s hypothesis,
which considers the development of insulin resistance
during fetal life (11). Alternatively, it could also be that
the resistance is specific to certain tissues. In fact,
that is what has been shown when protein-restrictive
models are used; namely changes of expression in glu-
cose transporter (GLUT) family proteins in adipose,
muscle, and nervous tissues (47). The applicability of
these findings to humans was demonstrated (48).

Programming Mechanisms

Insulin sensitivity might be altered during fetal life as
a response to endocrine modifications following an
adverse intrauterine environment (Fig. 2). One of such

modification could be the increased levels of circulat-
ing cortisol, a counter-acting hormone to insulin.
In addition, the hyperactivity of the hypothalamic-
pituitary-adrenal axis as a consequence of fetal stress
(49,50) may be attributable to a decreased activity of
the placental enzyme 11b-hydroxysteroid dehydrogen-
ase, which degrades cortisol and thereby alters
the maternal impact of the fetal compartment (51). The
enhancement of cortisol levels would act in several
tissues, including the liver, which is key in determining
insulin sensitivity (52). Tumor necrosis factor-a (TNF-a)
is also able to induce insulin resistance in several
tissues (53). In fact, a certain polymorphism in the pro-
moter region of the TNF-a gene has been linked to
the development of insulin resistance in adults (54).
Elevated TNF levels are present in fetal blood in several
fetal stress situations, such as premature delivery and
intrauterine infection (55).

The initial associations of LBW with a decrease in
insulin sensitivity were established in studies per-
formed in Hertfordshire, England. In the first studies,
5654 men born between 1911 and 1948 whose birth
weights and subsequent growth until one year of age
had been registered, were retrospectively analyzed.
In this population, those with the lowest birth weight
had the highest mortality rates due to cardiovascular
disease (5). From the same population, 468 men had a
fasting glucose determination and 370 had a complete
oral glucose tolerance test (OGTT); 40% of men with
birth weights equal to or below 2.5 kg had a glycemia
at two and four hours of 140 mg/dL or more compared
with only 14% of men born with thehighest weights (56).
Subsequently, other retrospective studies documented
the presence of the other components of the metabolic

Figure 2 Possible endocrine modifications

following an adverse intrauterine environment.

Abbreviations: IGF, insulin-like growth factor;

PPAR-g, peroxisome proliferator-activated

receptors-g; IGFBP, insulin-like growth factor

binding proteins; NO, nitric oxide; 11b-HSD,

11b-hydroxysteroid dehydrogenase; HPA,

hypothalamic–pituitary–adrenal.
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syndrome, i.e., hypertension and hypercholesterolemia
(57,58). These studies confirmed the greater risk of this
disease when LBW was present (59,60).

Some of these observations were replicated in
different countries and populations of different back-
grounds. In India, a study of 517 adults found that the
prevalence of CHD was 11% in those with LBW of less
than 2500 g whereas in those with a birth weight of
3100 g or more, it was 3%. These associations were
independent of other variables associated the CHD
such as life style (60,61). The association of T2DM
and glucose intolerance with CHD and hypertension
suggested that insulin resistance could be present in
LBW infants.

POSTNATAL PROGRAMMING OF
ENDOCRINE DYSFUNCTION

One of the main limitations of the above-mentioned
studies is the retrospective analysis where birth weight
is related to the metabolic status or complications
detected in later life. These studies did not take into
account early growth and metabolic changes that
occurred after birth. Since 1998, a number of authors
have proposed that postnatal growth of LBW children,
as characterized by the body mass index (BMI) at seven
to eight years of life, might be an independent factor
determining insulin sensitivity (16,62–64). This hypoth-
esis was confirmed in a term cohort of LBW Chilean
children (65). Insulin resistance could be programmed
in the early postnatal life during the ‘‘catch-up growth’’
(CUG) phase shown by SGA infants. During this phase
of CUG, there is an increase in the levels of several ana-
bolic hormones such as insulin and related peptides
(IGFs) (66). Insulin resistance could initially develop
in SGA to counteract their tendency to hypoglycemia
and would then persist during their entire life. CUG
could also lead to a disproportionate increase of fat com-
pared to lean mass acquisition (67,68). Some authors
propose that suppressed thermogenesis leads to this
unequal distribution of fat and lean mass during the
CUG period (67). This theory has gained more accep-
tance because of the current epidemiological data of
the explosive worldwide increase in T2DM, which has
specially affected those countries where LBW is more
prevalent (69).

Ong et al. in the Avon longitudinal study of
pregnancy and childhood (ALSPAC) cohort also
showed that early CUG predicted increased body fat
mass and central fat distribution at five years of age
(70). We demonstrated that at one, two, and three
years of age, insulin secretion and sensitivity were
related to the patterns of CUG. Fasting insulin sensi-
tivity was more closely related to weight CUG and
current BMI, whereas insulin secretion appeared to
be directly related to length CUG (65). These data
were in accordance with previous studies that showed
that at later stages of life, those born SGA with early
CUG have a greater risk of Syndrome X (71). Recently,

a prospective study of the ALSPAC cohort, which
included term newborns with a large variation of nor-
mal birth size, confirmed these observations. At eight
years of age, those who were lighter and grew faster
in early life were the most insulin resistant among
the cohort (72). Eriksson et al. analyzed the influence
of early CUG and birth weight in CHD deaths (63).
Greater mortality rates were present among those
subjects who were lighter at birth, but had a normal
or increased BMI at seven years of age.

In a pioneering pediatric study by Hofman et al.,
insulin sensitivity was studied through a long IV
glucose tolerance test (IVGTT) in prepubertal short
stature children, either born SGA or appropriate for
gestational age (AGA) (73). This method allowed
the detection of a significant difference in insulin
sensitivity; those born SGA had an increased acute
phase of insulin release (445 vs.174 mg/mL). Early
changes in insulin sensitivity, secretion, and lipid meta-
bolism were associated with being born SGA at term
(74). During the first 48 hours of life, SGA infants dis-
played increased insulin sensitivity with respect to
glucose disposal, but showed suppression of lipolysis,
ketogenesis, and hepatic production of IGFBP-3, com-
pared with AGA children.

One element of the puzzle not previously clari-
fied was whether the decrease in postnatal insulin
sensitivity in SGA children was present only when
the adverse condition was present in utero or could
also develop when adverse postnatal conditions were
present, as in the case of an extremely premature
birth. It has been suggested that postnatal morbidity
during a critical period of rapid growth might contri-
bute to the metabolic modifications observed in LBW
children, independently of the adequacy of their birth
weight to gestational age. Another question was the
effect of prematurity per se, because in most studies,
the birth weight had been evaluated independently
of gestational age or preterm infants were excluded.
Therefore, the link between LBW and postnatal insulin
resistance was assessed regardless of gestational age
(63,75,76). The effects of current BMI, birth weight
standard deviation score (SDS), postnatal growth
rates, and indicators of postnatal morbidity were
evaluated in 20 SGA and 40 AGA very-low-birth-
weight (VLBW) children (birth weight between 690
and 1500 g; gestational age 25–34 weeks). They were
evaluated at five to seven years of age by a short
IVGTT. In this cohort of premature, VLBW children,
IUGR rather than LBW was associated with reduced
sensitivity to insulin. This link was independent of
gestational age and other indicators of postnatal stress.
In addition, fasting and first-phase insulin secretion
were related to postnatal growth rates, which were
in accordance with our previous observations (77).
However, an opposite finding was reported by
Hofman et al., but in their report no comments of the
interaction of growth in utero and postnatal growth
was described. In addition, the New Zealand cohort
was rather small and children had short stature (78).
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Several gene polymorphisms involved in the
control of intermediary metabolism, such as the insu-
lin gene variable number of tandem repeat (INS
VNTR) alleles and Ghrelin C247A(y) leptin C�2549A
in peripheral DNA were not related to growth kinetics
or to IVGTT response (29). However, at one year,
class III/III alleles in the INS VNTR locus were
associated with increased fasting as well as poststimu-
lated insulin. These findings were independent of
birth weight and postnatal growth kinetics.

One of the important and constant findings
regarding the determinants of insulin sensitivity
during adulthood is that LBW is not a major deter-
minant of later insulin resistance, except among
subjects with the largest current BMI (72). The factors
that determine the transition from relatively LBW to
childhood overweight are not known, but could be
mediated by increased appetite. The regulation of food
intake is a complex process involving neural and gut
interactions (Vol. 1; Chap. 1). One of the hormones
involved in this interplay is Ghrelin (79) and the
specific 7 transmembrane G protein–coupled receptor
for this hormone present in the hypothalamic arcu-
ate nucleus and pituitary (80). In animal studies, the
intracerebrovascular and peripheral administration of
Ghrelin induces adiposity and increases appetite, and
this orexigenic activity appears to be mediated by
increases in NPY (81). In humans, Ghrelin levels are
decreased in obesity and increased in anorexia (74).

Because most SGA infants show some degree of
postnatal length and weight CUG and because this
phenomenon affects postnatal insulin sensitivity
independently of birth weight, we postulated that
Ghrelin appetite effects could be involved in the
CUG. The fasting and post-IVGTT circulating Ghrelin
levels in SGA and AGA infants aged one year were
not different (82). As seen in older children and
adults, circulating Ghrelin concentrations rapidly
decreased after IV glucose. Interestingly, postglucose
Ghrelin levels, but not fasting values, correlated posi-
tively with current length, current weight, and change
in weight. In addition, lower reductions in circulating
Ghrelin levels following IV glucose were observed in
SGA infants who showed greater weight gain during
infancy, suggesting that a sustained orexigenic drive
could contribute to postnatal growth.

In the literature, only one report addresses
the interaction between LBW, postnatal growth, and
genetic background. Jaquet et al. (83) investigated
the role of several polymorphisms that modulate
insulin sensitivity: Proala12 in peroxisome prolifera-
tor-activated receptors-g (PPAR-g), Gþ 250C in the
b3 adrenergic receptor, and G-308A in TNF-a. They
genotyped 171 adults who were born SGA and 233
who were born AGA, submitted to an OGTT. The
SGA group showed higher serum insulin concentra-
tions at fasting and during stimulation and their
fasting glucose–insulin ratios were significantly higher
in the TNF/-308, PPAR/ala12, and ADRB3/þ250G
carriers. Moreover, the effects of these polymorphisms

on insulin resistance indexes were significantly poten-
tiated by current BMI in the SGA group (83). In
neither the SGA nor AGA group did the polymor-
phisms affect glucose tolerance.

MECHANISMS OF DEVELOPMENT OF INSULIN
RESISTANCE IN SMALL-FOR-GESTATIONAL-AGE
SUBJECTS

In young adults with a normal BMI and a similar fat
mass, glucose oxidation rate and uptake were dimin-
ished in those born SGA as compared with those
subjects born AGA (84). In those born SGA, a decreased
expression of GLUT-4 in muscle and adipose tissues
during an euglycemic hyperinsulinemic clamp was
detected (48). Glucose uptake was also reduced during
an euglycemic hyperinsulinemic clamp in eight-year-
old children (73). These findings reinforce the concept
of abnormal glucose transport as an important element
in the control of insulin sensitivity. Recently, a study
performed in the offspring of young, lean patients with
T2DM showed an increase in intramyocellular lipid
content, concomitant with impairment of mitochon-
drial activity in those who were insulin resistant
versus insulin-sensitive patients (85).

The adipocyte has been shown to be an active cell
that secretes bioactive molecules, termed ‘‘adipokines’’
(86,87). The molecules produced by the adipocyte have
autocrine and paracrine actions. These include leptin,
TNF-a, plasminogen activator inhibitor Type 1, and
adiponectin. Adiponectin is a 244–amino acid protein,
product of the most abundant gene transcript-1
expressed in human adipose tissue (88). Recently two
adiponectin receptors have been described: adiponec-
tin receptor-1 abundantly expressed in skeletal muscle
and adiponectin receptor-2 predominantly expressed
in liver (89). Several studies have demonstrated that
adiponectin modulates glucose tolerance and insulin
sensitivity (90–92). In animal models, this protein
decreased circulating free fatty acids by increasing oxi-
dation in muscle and decreasing uptake in liver, with
subsequent lower plasma triglyceride levels (93). It
also directly activates glucose uptake in adipocytes
and muscle through adenosine monophosphate pro-
tein kinase. In humans, adiponectin levels predict
subsequent changes in insulin resistance, but not lipid
profiles or body weight (94,95). Adiponectin mRNA is
decreased in the adipose tissue of obese and diabetic
patients, but is restored to normal levels after weight
loss. Increases in adiponectin levels have been
described after weight loss in obese and diabetic
subjects. In adult Pima Indians, higher plasma
adiponectin levels appeared to protect against the
development of T2DM (96). In a small sample of 5- to
10-year-old children, hypoadinectinemia appeared
to be the consequence of obesity, but no associations
with insulin sensitivity were found (97).

However, it is difficult to assess the effects of weight
gain and insulin sensitivity from small cross-sectional
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studies. We therefore determined whether adiponec-
tin levels were related to patterns of postnatal growth
and insulin sensitivity in a prospective cohort of
infants followed from birth to two years (98). Serum
adiponectin levels at one and two years were higher
compared with reported levels in adults and older
children and were significantly decreased from one
to two years. At two years, adiponectin levels were
lower in females as compared with males, but no
gender differences were seen in leptin and insulin
levels. Also no differences existed in adiponectin
levels between SGA and AGA infants at one year
or two years. However, in SGA infants, the changes
in adiponectin levels from year 1 to year 2 were
inversely related to weight gain. Adiponectin levels
were not related to insulin levels at one or two years,
nor to change in insulin levels. Multiple regression
analysis revealed that adiponectin levels were only
related to postnatal age. Other determinants of
higher adiponectin levels were male gender, lower
postnatal body weight, and higher birth weight
SDS. In conclusion, changes in serum adiponectin
levels during the first two years of life were related
to patterns of weight gain in SGA infants, but not
to early changes in insulin sensitivity (98).

GONADAL AND ADRENAL AXIS

The child born small is at increased risk for abnormal-
ities of the gonads and genitalia. Francois et al.
showed that unexplained, severe hypospadias was
related either to restraint of prenatal growth or to
complications in early pregnancy (99). This evidence
has been supported by the data of Nordic countries
where cryptorchidism as well as hypospadias has
been found more frequently in SGA babies (100,101).

A conclusive support for the concept of nongenetic
pseudohermaphroditism was presented by de Zegher
and coworkers (6). This report of monozygotic twins
whose gestation was supported by one placenta showed
that they were discordant for birth weight and for male
differentiation. Detailed studies revealed no evidence
for any endocrinopathies. The genitalia of the AGA
male were normal, while the SGA male had perineal
hypospadias and testes in labia-scrotal folds. It is diffi-
cult to conceive an experiment whereby a genetic
cause of male pseudohermaphroditism could be more
convincingly excluded.

Almost half a century ago, Silver noticed that
some men who were born small tended to have high
urinary gonadotropin levels and small testes (102).
This was the first observation indicating that prenatal
growth restraint may be followed by reduced Sertoli-
cell function and by subnormal spermatogenesis.
More recently, Ibanez et al. assessed the serum con-
centrations of inhibin B to determine whether there
was a relation between reduced prenatal growth and
subsequent Sertoli-cell dysfunction in infancy (103).
SGA boys appear to need a higher follicle-stimulating

hormone (FSH) drive to generate the normal feedback
level of inhibin B.

Premature adrenarche, the prepubertal rise in the
secretion of adrenal steroids, occurs in association with
decreased insulin sensitivity in the obese and in girls
born SGA (104). The presence of premature adrenarche
in SGA girls was reported in Spain (2) and in a group
of Hispanic and African-American girls living in
New York (105). A decrease in insulin sensitivity could
be the drive to increased adrenal steroidogenesis.
Ibanez et al. also postulated that CRH might be the potent
adrenal secretagogue in these girls (106). In addition,
exaggerated adrenarche appears as a risk marker of ovar-
ian hyperandrogenism (107). In the northern Spanish
girls evaluated by Ibanez et al., the SGA female had smal-
ler ovaries and a smaller uterus in adolescence and also
had FSH hypersecretion, first noted during infancy
and also present later in adolescence (108,109). How-
ever, it is important to note that these studies only
evaluated girls from an endocrine clinic, with a simi-
lar ethnic background. Treatment with the insulin
sensitizer metformin was tried in a Catalunian cohort
of nonobese adolescents born SGA with eumenor-
rheic anovulatory cycles (103). After only six weeks,
ovulatory cycles resumed and lipid levels improved.
A simultaneous decrease in luteinizing hormone,
FSH, insulin, and androgen levels was noted, which
suggest that SGA-associated anovulation is a result
of hyperinsulinism rather than adrenal and ovarian
hyperandrogenism. It remains to be elucidated
whether these risks are also present in healthy girls
born SGA recruited from the community and from
other ethnicities, as studies in France (110) and
Holland failed to show such an association (111).

SOMATOTROPIC AXIS

The fetal somatotropic axis is characterized by GH resis-
tance in the SGA fetus. A simple way to understand the
somatotropic axis of the SGA fetus is to consider such as
being in a fasting condition. SGA fetuses display low
serum levels of insulin, IGF-1, IGF-2, and IGFBP-3
and high levels of IGFBP-1, whereas the large-for-gesta-
tional age infant shows high insulin and IGF-1 levels
and a reverse pattern of IGF binding proteins (7).

After birth, CUG occurs in the vast majority of
SGA children (112). Postnatal CUG begins immedi-
ately after birth, with a maximum occurring by
six months of age. By two years of age, nearly 90%
of term or preterm SGA infants achieve a height
within the normal range. The age of two years is an
important milestone: In SGA children who were born
at term, it is quite rare to observe spontaneous CUG
after the age of two. Of the SGA infants who fail to
show CUG by two years about half remain short even
in adulthood. The relative risk for being short at age
18 is 5.2 for children born light and 7.1 for children
born short. Failure of CUG could be secondary to
altered action of GH, IGF-I, or insulin.
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Different series show that there is an increased
frequency of growth hormone deficiency (GHD)
among SGA with non-CUG (35–53%). Even when GH
levels are normal on standard stimulation tests, these
children demonstrate abnormalities in the pattern
and 24-hour profile of GH and lower IGF-I and
IGFBP-3 (113,114). Cutfield, however, in a selected
population of short SGA children, found normal or ele-
vated IGF-I levels and postulated that hyperinsulinism
could play a role (115). Possible differences among
studies could be related to the heterogeneous nature
of the SGA condition and some form of IGF-I resistance
present in a subset of these children (Vol. 2; Chap. 1).

During the last decade, several investigators
studied the effects of therapy with GH for those SGA
infants who remained small after two years of age.
Over the years, it has become evident that GH admini-
stration improved growth velocity, weight gain,
height SDS, and final height in SGA children indepen-
dent of their response to provocative testing. The
height gain appears to be related mainly to the total
time of GH therapy and the dose employed (116,117).
During GH therapy, weight gain is improved, not
due to an excess of fat, but to an increase in lean body
mass shown by magnetic resonance imaging and
levels of serum leptin (118). Importantly, GH stimula-
tion testing is not a requirement prior to therapy and
does not predict growth response during therapy. These
tests are recommended only if GHD is clinically sus-
pected in an SGA child in view of postnatal growth
failure, poor facial development, or poor skeletal growth.
Bone age is usually delayed and height prediction is
unreliable in children born SGA (119) (Vol. 2; Chap. 5).

In July 2001, a consensus with final Food and Drug
Administration (FDA) approval of GH therapy as an
indication for non-CUG SGA children emerged (120).
Recent reports evaluating the final height of SGA chil-
dren treated with GH showed that it was significantly
improved (121). The standard dose of GH, however, is
less effective in assisting short children born SGA to
achieve a sufficient CUG. The FDA-approved dose for
SGA is 0.48 mg/K/wk. In Europe, a lower starting dose
of 0.35 mg/K/wk is recommended. The main determi-
nants of final height are GH dose, duration of treatment,
and greater family corrected initial height deficit.

In addition to improvements in height, positive
metabolic effects such as lower blood pressure and
beneficial effects on craniofacial development, body
composition, less atherogenic lipid profile, and psy-
chological well being have been observed (122).

A number of safety issues have been addressed.
So far, the evidence continues to be reassuring for GH
therapy in these children. In particular, GH does not
seem to increase the risk for precocious puberty or
glucose intolerance. Benign cranial hypertension,
aggravation of scoliosis, jaw prominence, and mild
transient hyperglycemia have been reported in recent
KIGS data. However, these adverse events were not
different from the short stature population given GH
therapy (123–125) (Vol. 2; Chap. 5).

CONCLUSIONS

Investigations performed during the last decade have
identified the independent association between
reduced fetal growth and the later development of
endocrine dysfunction primarily manifested by gona-
dal, adrenal, somatropic, and metabolic abnormalities.
Insulin resistance appears to play a critical early role
in at least the adrenal and the metabolic alterations
associated with frequent diseases, producing increa-
sed morbidity and mortality among adults. Data
suggest that the link between prenatal growth restric-
tion and postnatal insulin sensitivity is already
present at one year of age. On the other hand, IUGR
rather than LBW appears to be associated with
reduced sensitivity to insulin. Finally, rapid postnatal
CUG appears to contribute actively to insulin sensi-
tivity and secretion, at least during the first years of
life. We speculate that accelerated CUG during the
postnatal period may lead to the development of a
metabolically disadvantaged body composition, with
an increase, preferentially, in body fat independent
of birth weight as has been demonstrated for other
conditions where CUG occurs (67,68).

The importance of these data to daily clinical
practice is to identify SGA as a risk marker of insulin
resistance and T2DM.

On the other hand, there is a clear need to recon-
cile the contribution of the ‘‘thrifty phenotype’’ and
‘‘thrifty genotype’’ in the generation of adverse health
outcomes after a period of nutritional deprivation in
early life. The determination of these respective contri-
butions will also clarify the evolutionary adaptations
that improve the likelihood of survival of a develop-
ing organism that is under duress, but may carry a
consequence for poor adult health outcomes after
reproductive senescence. It is clear that the use of terms
such as programming, plasticity, and predictive adap-
tative responses may each be hotly debated,
particularly as experimental and epidemiological stu-
dies investigate the impact of relative nutrition in
prenatal life. On the other hand, during postnatal life,
the focus of experimental and epidemiological studies
will need to investigate the role of environmental fac-
tors that modulate rapid CUG. Until these data are
available, we will not, in a position to recommend the
types of intervention required to improve the efficiency
of the growth of these infants to minimize the risk of the
morbidity and mortality complications prevalent in
adults who were born SGA (Vol. 2; Chap. 5).
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INTRODUCTION

Considering an endocrine etiology whenever a child
presents with hypertension is mandatory, as certain
identifiable conditions will otherwise be overlooked.
This chapter reviews pediatric hypertension caused
either by endocrine abnormalities or by mutations
in genes that are modulated by endocrine systems.
Endocrine-related hypertension has been thought to
account for a minority of those cases of childhood
hypertension due to definable causes.

Delineating the pathogenesis and pathophysiol-
ogy of hypertension is particularly important in
managing a child or adolescent with elevated blood
pressure; the more specific the diagnosis, the less is the
likelihood of placing a child on empirical and often futile
regimens. In contrast, the more focused treatment can
be, the less is the risk of assigning a child to nonspecific
pharmacotherapy, with unknown long-term effects,
including those on growth and development.

The alterations in blood pressure regulation that
are frequently observed in patients with obesity, insu-
lin resistance/dysmetabolic syndrome, and Type 1
and Type 2 diabetes mellitus are discussed in the
respective chapters of this book.

NORMAL BLOOD PRESSURE AND ITS DEFINITION

Hypertension in children was redefined by the most
recent update of the National Heart, Lung, and Blood
Institute Task Force in Blood Pressure Control in
Childhood (1), which not only considered height and
weight percentiles but the concept of prehypertension.
Tables according to height percentiles are provided,
and both 50th and 99th percentiles are added (Table 1)
(1–4). While the Task Force data, pooled from measure-
ments in over 12,000 pediatric subjects, are intended as
a guideline, the aware clinician must understand that
these norms are based on in-office seated blood
pressure determinations and do not take into account
changes with posture, activity, time of day, or various
stresses that occur in daily life (5–7).

A problem in interpreting an in-office blood
pressure using available norms when one suspects
secondary hypertension is that epidemiologically based
normal blood pressure data do not reflect that which
may occur in an abnormal state (6). If, for example,
blood pressure measurements among children and ado-
lescents with renovascular hypertension are examined,
as reported by Hiner and Falkner (7), virtually all
subjects have markedly elevated blood pressure. Fur-
thermore, the diurnal pattern of blood pressure
elevation in some forms of hypertension may be impor-
tantly distinct from a normal blood pressure pattern.

In recent years, much has been learned both about
normal blood pressure in disparate ethnic groups and
the circadian rhythm of blood pressure response. The
reader is referred to reviews on the subject (8–15).

ETIOLOGY OF HYPERTENSION

As noted in the Second Task Force report (3), most pedi-
atric hypertension is not endocrine in nature, yet
considering definable causes that are related to adrenal,
thyroid, pituitary, and other endocrine organs may
identify a cause for hypertension. Additionally, children
with specific endocrine disorders and syndromes may
have a known increased risk of hypertension and will
be able to benefit from specific therapy. Table 2 lists
the most common causes of hypertension in each child-
hood age group, while Table 3 notes those endocrine
causes of hypertension most commonly seen in children.

COMPLICATIONS OF HYPERTENSION: PATTERNS
AND DIAGNOSIS

By the time a child is referred to a pediatric endocri-
nologist for hypertension evaluation, it is likely that
he or she has already been assessed by a primary care
physician, and, possibly, by other specialists such as a
pediatric cardiologist or nephrologist. Thus, some
referrals will be made for children who have findings
in their history, physical examination, or laboratory



Table 1 Blood Pressure Levels for Boys and Girls by Age and Height Percentile

Systolic BP (mmHg) Diastolic BP ( (mmHg)

Age

(year)

BP

percentile

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

Boys
1. 50th. 80. 81. 83. 85. 87. 88. 89. 34. 35. 36. 37. 38. 39. 39.

90th. 94. 95. 97. 99. 100. 102. 103. 49. 50. 51. 52. 53. 53. 54.

95th. 98. 99. 101. 103. 104. 106. 106. 54. 54. 55. 56. 57. 58. 58.

99th. 105. 106. 108. 110. 112. 113. 114. 61. 62. 63. 64. 65. 66. 66.

2. 50th. 84. 85. 87. 88. 90. 92. 92. 39. 40. 41. 42. 43. 44. 44.

90th. 97. 99. 100. 102. 104. 105. 106. 54. 55. 56. 57. 58. 58. 59.

95th. 101. 102. 104. 106. 108. 109. 110. 59. 59. 60. 61. 62. 63. 63.

99th. 109. 110. 111. 113. 115. 117. 117. 66. 67. 68. 69. 70. 71. 71.

3. 50th. 86. 87. 89. 91. 93. 94. 95. 44. 44. 45. 46. 47. 48. 48.

90th. 100. 100. 103. 105. 107. 108. 109. 59. 59. 60. 61. 62. 63. 63.

95th. 104. 105. 107. 109. 110. 112. 113. 63. 63. 64. 65. 66. 67. 67.

99th. 111. 112. 114. 116. 118. 119. 120. 71. 71. 72. 73. 74. 75. 75.

4. 50th. 88. 89. 91. 93. 95. 96. 97. 47. 48. 49. 50. 51. 51. 52.

90th. 102. 103. 105. 107. 109. 110. 111. 62. 63. 64. 65. 66. 66. 67.

95th. 106. 107. 109. 111. 112. 114. 115. 66. 67. 68. 69. 70. 71. 71.

99th. 113. 114. 116. 118. 120. 121. 122. 74. 75. 76. 77. 78. 78. 79.

5. 50th. 90. 91. 93. 95. 96. 98. 98. 50. 51. 52. 53. 54. 55. 55.

90th. 104. 105. 106. 108. 110. 111. 112. 65. 66. 67. 68. 69. 69. 70.

95th. 108. 109. 110. 112. 114. 115. 116. 69. 70. 71. 72. 73. 74. 74.

99th. 115. 116. 118. 120. 121. 123. 123. 77. 78. 79. 80. 81. 81. 82.

6. 50th. 91. 92. 94. 96. 98. 99. 100. 53. 53. 54. 55. 56. 57. 57.

90th. 105. 106. 108. 110. 111. 113. 113. 68. 68. 69. 70. 71. 72. 72.

95th. 109. 110. 112. 114. 115. 117. 117. 72. 72. 73. 74. 75. 76. 76.

99th. 116. 117. 119. 121. 123. 124. 125. 80. 80. 81. 82. 83. 84. 84.

7. 50th. 92. 94. 95. 97. 99. 100. 101. 55. 55. 56. 57. 58. 59. 59.

90th. 106. 107. 109. 111. 113. 114. 115. 70. 70. 71. 72. 73. 74. 74.

95th. 110. 111. 113. 115. 117. 118. 119. 74. 74. 75. 76. 77. 78. 78.

99th. 117. 118. 120. 122. 124. 125. 126. 82. 82. 83. 84. 85. 86. 86.

8. 50th. 94. 95. 97. 99. 100. 102. 102. 56. 57. 58. 59. 60. 60. 61.

90th. 107. 109. 110. 112. 114. 115. 116. 71. 72. 72. 73. 74. 75. 76.

95th. 111. 112. 114. 116. 118. 119. 120. 75. 76. 77. 78. 79. 79. 80.

99th. 119. 120. 122. 123. 125. 127. 127. 83. 84. 85. 86. 87. 87. 88.

9. 50th. 95. 96. 98. 100. 102. 103. 104. 57. 58. 59. 60. 61. 61. 62.

90th. 109. 110. 112. 114. 115. 117. 118. 72. 73. 74. 75. 76. 76. 77.

95th. 113. 114. 116. 118. 119. 121. 121. 76. 77. 78. 79. 80. 81. 81.

99th. 120. 121. 123. 125. 127. 128. 129. 84. 85. 86. 87. 88. 88. 89.

10. 50th. 97. 98. 100. 102. 103. 105. 106. 58. 59. 60. 61. 61. 62. 63.

90th. 111. 112. 114. 115. 117. 119. 119. 73. 73. 74. 75. 76. 77. 78.

95th. 115. 116. 117. 119. 121. 122. 123. 77. 78. 79. 80. 81. 81. 82.

99th. 122. 123. 125. 127. 128. 130. 130. 85. 86. 86. 88. 88. 89. 90.

11. 50th. 99. 100. 102. 104. 105. 107. 107. 59. 59. 60. 61. 62. 63. 63.

90th. 113. 114. 115. 117. 119. 120. 121. 74. 74. 75. 76. 77. 78. 78.

95th. 117. 118. 119. 121. 123. 124. 125. 78. 78. 79. 80. 81. 82. 82.

99th. 124. 125. 127. 129. 130. 132. 132. 86. 86. 87. 88. 89. 90. 90.

12. 50th. 101. 102. 104. 106. 108. 109. 110. 59. 60. 61. 62. 63. 63. 64.

90th. 115. 116. 118. 120. 121. 123. 123. 74. 75. 75. 76. 77. 78. 79.

95th. 119. 120. 122. 123. 125. 127. 127. 78. 79. 80. 81. 82. 82. 83.

99th. 126. 127. 129. 131. 133. 134. 135. 86. 87. 88. 89. 90. 90. 91.

13. 50th. 104. 105. 106. 108. 110. 111. 112. 60. 60. 61. 62. 63. 64. 64.

90th. 117. 118. 120. 122. 124. 125. 126. 75. 75. 76. 77. 78. 79. 79.

95th. 121. 122. 124. 126. 128. 129. 130. 79. 79. 80. 81. 82. 83. 83.

99th. 128. 130. 131. 133. 135. 136. 137. 87. 87. 88. 89. 90. 91. 91.

14. 50th. 106. 107. 109. 111. 113. 114. 115. 60. 61. 62. 63. 64. 65. 65.

90th. 120. 121. 123. 125. 126. 128. 128. 75. 76. 77. 78. 79. 79. 80.

95th. 124. 125. 127. 128. 130. 132. 132. 80. 80. 81. 82. 83. 84. 84.

99th. 131. 132. 134. 136. 138. 139. 140. 87. 88. 89. 90. 91. 92. 92.

15. 50th. 109. 110. 112. 113. 115. 117. 117. 61. 62. 63. 64. 65. 66. 66.

90th. 122. 124. 125. 127. 129. 130. 131. 76. 77. 78. 79. 80. 80. 81.

95th. 126. 127. 129. 131. 133. 134. 135. 81. 81. 82. 83. 84. 85. 85.

99th. 134. 135. 136. 138. 140. 142. 142. 88. 89. 90. 91. 92. 93. 93.

(Continued)
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Table 1 Blood Pressure Levels for Boys and Girls by Age and Height Percentile (Continued )

Systolic BP (mmHg) Diastolic BP ( (mmHg)

Age

(year)

BP

percentile

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

16. 50th. 111. 112. 114. 116. 118. 119. 120. 63. 63. 64. 65. 66. 67. 67.

90th. 125. 126. 128. 130. 131. 133. 134. 78. 78. 79. 80. 81. 82. 82.

95th. 129. 130. 132. 134. 135. 137. 137. 82. 83. 83. 84. 85. 86. 87.

99th. 136. 137. 139. 141. 143. 144. 145. 90. 90. 91. 92. 93. 94. 94.

17. 50th. 114. 115. 116. 118. 120. 121. 122. 65. 66. 66. 67. 68. 69. 70.

90th. 127. 128. 130. 132. 134. 135. 136. 80. 80. 81. 82. 83. 84. 84.

95th. 131. 132. 134. 136. 138. 139. 140. 84. 85. 86. 87. 87. 88. 89.

99th. 139. 140. 141. 143. 145. 146. 147. 92. 93. 93. 94. 95. 96. 97.

Girls.

1. 50th. 83. 84. 85. 86. 88. 89. 90. 38. 39. 39. 40. 41. 41. 42.

90th. 97. 97. 98. 100. 101. 102. 103. 52. 53. 53. 54. 55. 55. 56.

95th. 100. 101. 102. 104. 105. 106. 107. 56. 57. 57. 58. 59. 59. 60.

99th. 108. 108. 109. 111. 112. 113. 114. 64. 64. 65. 65. 66. 67. 67.

2. 50th. 85. 85. 87. 88. 89. 91. 91. 43. 44. 44. 45. 46. 46. 47.

90th. 98. 99. 100. 101. 103. 104. 105. 57. 58. 58. 59. 60. 61. 61.

95th. 102. 103. 104. 105. 107. 108. 109. 61. 62. 62. 63. 64. 65. 65.

99th. 109. 110. 111. 112. 114. 115. 116. 69. 69. 70. 70. 71. 72. 72.

3. 50th. 86. 87. 88. 89. 91. 92. 93. 47. 48. 48. 49. 50. 50. 51.

90th. 100. 100. 102. 103. 104. 106. 106. 61. 62. 62. 63. 64. 64. 65.

95th. 104. 104. 105. 107. 108. 109. 110. 65. 66. 66. 67. 68. 68. 69.

99th. 111. 111. 113. 114. 115. 116. 117. 73. 73. 74. 74. 75. 76. 76.

4. 50th. 88. 88. 90. 91. 92. 94. 94. 50. 50. 51. 52. 52. 53. 54.

90th. 101. 102. 103. 104. 106. 107. 108. 64. 64. 65. 66. 67. 67. 68.

95th. 105. 106. 107. 108. 110. 111. 112. 68. 68. 69. 70. 71. 71. 72.

99th. 112. 113. 114. 115. 117. 118. 119. 76. 76. 76. 77. 78. 79. 79.

5. 50th. 89. 90. 91. 93. 94. 95. 96. 52. 53. 53. 54. 55. 55. 56.

90th. 103. 103. 105. 106. 107. 109. 109. 66. 67. 67. 68. 69. 69. 70.

95th. 107. 107. 108. 110. 111. 112. 113. 70. 71. 71. 72. 73. 73. 74.

99th. 114. 114. 116. 117. 118. 120. 120. 78. 78. 79. 79. 80. 81. 81.

6. 50th. 91. 92. 93. 94. 96. 97. 98. 54. 54. 55. 56. 56. 57. 58.

90th. 104. 105. 106. 108. 109. 110. 111. 68. 68. 69. 70. 70. 71. 72.

95th. 108. 109. 110. 111. 113. 114. 115. 72. 72. 73. 74. 74. 75. 76.

99th. 115. 116. 117. 119. 120. 121. 122. 80. 80. 80. 81. 82. 83. 83.

7. 50th. 93. 93. 95. 96. 97. 99. 99. 55. 56. 56. 57. 58. 58. 59.

90th. 106. 107. 108. 109. 111. 112. 113. 69. 70. 70. 71. 72. 72. 73.

95th. 110. 111. 112. 113. 115. 116. 116. 73. 74. 74. 75. 76. 76. 77.

99th. 117. 118. 119. 120. 122. 123. 124. 81. 81. 82. 82. 83. 84. 84.

8. 50th. 95. 95. 96. 98. 99. 100. 101. 57. 57. 57. 58. 59. 60. 60.

90th. 108. 109. 110. 111. 113. 114. 114. 71. 71. 71. 72. 73. 74. 74.

95th. 112. 112. 114. 115. 116. 118. 118. 75. 75. 75. 76. 77. 78. 78.

99th. 119. 120. 121. 122. 123. 125. 125. 82. 82. 83. 83. 84. 85. 86.

9. 50th. 96. 97. 98. 100. 101. 102. 103. 58. 58. 58. 59. 60. 61. 61.

90th. 110. 110. 112. 113. 114. 116. 116. 72. 72. 72. 73. 74. 75. 75.

95th. 114. 114. 115. 117. 118. 119. 120. 76. 76. 76. 77. 78. 79. 79.

99th. 121. 121. 123. 124. 125. 127. 127. 83. 83. 84. 84. 85. 86. 87.

10. 50th. 98. 99. 100. 102. 103. 104. 105. 59. 59. 59. 60. 61. 62. 62.

90th. 112. 112. 114. 115. 116. 118. 118. 73. 73. 73. 74. 75. 76. 76.

95th. 116. 116. 117. 119. 120. 121. 122. 77. 77. 77. 78. 79. 80. 80.

99th. 123. 123. 125. 126. 127. 129. 129. 84. 84. 85. 86. 86. 87. 88.

11. 50th. 100. 101. 102. 103. 105. 106. 107. 60. 60. 60. 61. 62. 63. 63.

90th. 114. 114. 116. 117. 118. 119. 120. 74. 74. 74. 75. 76. 77. 77.

95th. 118. 118. 119. 121. 122. 123. 124. 78. 78. 78. 79. 80. 81. 81.

99th. 125. 125. 126. 128. 129. 130. 131. 85. 85. 86. 87. 87. 88. 89.

12. 50th. 102. 103. 104. 105. 107. 108. 109. 61. 61. 61. 62. 63. 64. 64.

90th. 116. 116. 117. 119. 120. 121. 122. 75. 75. 75. 76. 77. 78. 78.

95th. 119. 120. 121. 123. 124. 125. 126. 79. 79. 79. 80. 81. 82. 82.

99th. 127. 127. 128. 130. 131. 132. 133. 86. 86. 87. 88. 88. 89. 90.

13. 50th. 104. 105. 106. 107. 109. 110. 110. 62. 62. 62. 63. 64. 65. 65.

90th. 117. 118. 119. 121. 122. 123. 124. 76. 76. 76. 77. 78. 79. 79.

95th. 121. 122. 123. 124. 126. 127. 128. 80. 80. 80. 81. 82. 83. 83.

99th. 128. 129. 130. 132. 133. 134. 135. 87. 87. 88. 89. 89. 90. 91.

(Continued)
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data that specifically suggest an endocrine cause of
hypertension. Other referrals, however, will be de novo
or will be children not referred but who have been
found to have hypertension in the course of treatment
or evaluation for a known endocrinopathy. Prompt
and focused evaluation of elevated blood pressure is
critical, given the potential complications of pediatric
hypertension.

Certain findings in a hypertensive child imply a
role for an endocrinologist. An endocrinologist’s first
approach should be to seek historical facts that sug-
gest a familial endocrinopathy associated with
hypertension, the taking of medications that would
be associated with an endocrine-mediated hyperten-
sion (e.g., steroids or sympathomimetic agents), or
an endocrine diagnosis known to be associated with
hypertension (e.g., Turner syndrome). Physical exam-
ination will, of course, focus the evaluation further,
in that findings may clearly suggest a particular

endocrine diagnosis (clinical hyper- or hypothyroid-
ism, Cushing syndrome). The blood pressure should
be determined in both arms and one or both legs,

Table 1 Blood Pressure Levels for Boys and Girls by Age and Height Percentile (Continued )

Systolic BP (mmHg) Diastolic BP ( (mmHg)

Age

(year)

BP

percentile

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

14. 50th. 106. 106. 107. 109. 110. 111. 112. 63. 63. 63. 64. 65. 66. 66.

90th. 119. 120. 121. 122. 124. 125. 125. 77. 77. 77. 78. 79. 80. 80.

95th. 123. 123. 125. 126. 127. 129. 129. 81. 81. 81. 82. 83. 84. 84.

99th. 130. 131. 132. 133. 135. 136. 136. 88. 88. 89. 90. 90. 91. 92.

15. 50th. 107. 108. 109. 110. 111. 113. 113. 64. 64. 64. 65. 66. 67. 67.

90th. 120. 121. 122. 123. 125. 126. 127. 78. 78. 78. 79. 80. 81. 81.

95th. 124. 125. 126. 127. 129. 130. 131. 82. 82. 82. 83. 84. 85. 85.

99th. 131. 132. 133. 134. 136. 137. 138. 89. 89. 90. 91. 91. 92. 93.

16. 50th. 108. 108. 110. 111. 112. 114. 114. 64. 64. 65. 66. 66. 67. 68.

90th. 121. 122. 123. 124. 126. 127. 128. 78. 78. 79. 80. 81. 81. 82.

95th. 125. 126. 127. 128. 130. 131. 132. 82. 82. 83. 84. 85. 85. 86.

99th. 132. 133. 134. 135. 137. 138. 139. 90. 90. 90. 91. 92. 93. 93.

17. 50th. 108. 109. 110. 111. 113. 114. 115. 64. 65. 65. 66. 67. 67. 68.

90th. 122. 122. 123. 125. 126. 127. 128. 78. 79. 79. 80. 81. 81. 82.

95th. 125. 126. 127. 129. 130. 131. 132. 82. 83. 83. 84. 85. 85. 86.

99th. 133. 133. 134. 136. 137. 138. 139. 90. 90. 91. 91. 92. 93. 93.

Note: The 90th percentile is 1.28 SD, 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean.

Abbreviation: BP, blood pressure.

Source: From Ref. 1.

Table 2 Most Common Causes of Hypertension in Each Age Group

Age group Etiology

Neonate Coarctation of the aorta

Renal artery thromboembolism

Renal artery stenosis

Congenital renal abnormalities

Infancy to 6 years Renal parenchymal disease (including structural,

inflammatory disease and tumors)

Coarctation of the aorta

Renal artery stenosis

Six to ten years Renal parenchymal disease (including structural,

inflammatory disease and tumors)

Renal artery stenosis

Primary hypertension

Adolescence Primary hypertension

Renal parenchymal disease

Table 3 Endocrine Hypertension

Congenital adrenal hyperplasia

11-b-hydroxylase deficiency

3-b-hydroxysteroid dehydrogenase

17-a-hydroxylase deficiency

Hyperaldosteronism and hyperaldosterone-like conditions

Aldosterone-producing adenoma

Hyperplasia

Glucocorticoid responsive aldosteronism

Apparent mineralocorticoid excess

Salt handling

Liddle syndrome

Pseudohypoaldosteronism II (Gordon syndrome)

Catecholamine mediated

Pheochromocytoma

Neuroblastoma

Cushing syndrome

Exogenous (due to medication)

Central

Adrenal

Thyroid

Hyperthyroidism

Hypothyroidism

Parathyroid

Hyperparathyroidism

Hypoparathyroidism (related to therapy)

Turner syndrome

Polycystic ovarian syndrome/metabolic syndrome

Diabetes mellitus

Iatrogenous

Glucocorticoid

Calcium phosphorus mediated

Catecholamine mediated

Thyroid hormone mediated

Hormone replacement therapy
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and postural changes should be noted. Additionally,
blood pressure after exercise, as well as at several
points in the day may be helpful. Ambulatory blood
pressure monitoring may be helpful in assessing cir-
cadian rhythm and particular patterns that could be
associated with endocrine hypertension.

Laboratory data help to hone in on specific
forms of hypertension. Thus, the initial endocrine
assessment should focus on seeking signs of catecho-
lamine-mediated hypertension, glucocorticoid-related
hypertension, or thyroid-mediated hypertension
(which are discussed at length in other chapters).
Next, a plasma renin level, examined together with
a measure of sodium excretion and plasma potassium
should provide a basis for a focused endocrine assess-
ment (16–19). A high plasma renin level is unlikely to
be associated with endocrine hypertension, though
secondary aldosteronism will accompany renovas-
cular hypertension. If plasma renin activity or
concentration is low, one should then consider an
underlying endocrine basis. As can be seen in Table
4, those forms of low-renin hypertension that have
been fully defined are due to mutations on autosomal
chromosomes and thus occur equally in males
and females (19). Each will be considered in turn. It
has been proposed that, in fact, many more cases of
‘‘primary hypertension’’ may be associated with par-
tial defects in steroidogenesis or factors that control
steroid effects.

The diagnostic considerations include a variety
of inherited disorders that have a very low plasma
renin activity as a cardinal feature. These include ster-
oid enzyme abnormalities as well as abnormalities in
transporters or in modulating genes. Yiu et al. (16)
developed an algorithm for thinking about these enti-
ties, which are accompanied by low plasma renin
activity, and this is shown in Figure 1 (16). The algo-
rithm is based on the fact that a number of
hypertensive syndromes share a low plasma renin
as a common feature. Most are inherited either as an
autosomal dominant, in which case family history is
positive, or as an autosomal recessive, in which case
family history is lacking.

STEROIDOGENIC ENZYME DEFECTS

As noted in Volume II, Section II, Chapter 8, steroids
are produced in the adrenal cortex, which is divided
into zones: the zona glomerulosa (ZG—outer zone),
zona fasciculata (ZF—middle zone), and zona reticu-
laris (ZR—inner zone). Normally, the ZG and ZF are
functionally separate. Cortisol is synthesized under
the control of adrenocorticotropic hormone (ACTH)
in the ZF, while aldosterone is synthesized primarily
under the influence of angiotensin II and potassium
in the ZG. ACTH normally has only a secondary effect
on the synthesis of aldosterone. However, when
any of the enzymes that control cortisol biosynthe-
sis is defective or acts abnormally, the feedback

relationships between the hypophysis and the adrenal
are interrupted, with a resultant increase in plasma
ACTH. Figure 2 depicts steroidogenesis, indicating
enzyme defects that can be associated with hyper-
tension, and Figure 3 outlines the regulation of
aldosterone biosynthesis.

Congenital adrenal hyperplasia (CAH) is the
general term used to describe those enzyme defects
that can occur in steroid biosynthesis, each one causing
a characteristic profile of plasma and urinary steroids
together with a specific clinical manifestation (18,19).
These defects are all autosomal recessive and have
varying frequency and a spectrum of clinical manifes-
tations (Volume II, Section II, Chapter 9). Any of the
enzymes that are part of the pathways of steroidogen-
esis may have a mutation, most commonly 21-
hydroxylase, which is not generally associated with
hypertension. Enzymes with mutations that are asso-
ciated with hypertension include (in order of
frequency) 11-b-hydroxylase >> 3-b-hydroxysteroid
dehydrogenase (HSD)>>> 17-a-hydroxylase and
cholesterol desmolase. A net salt-retaining propensity
and hypertension occur in patients with the 11-b and
3-b-HSD defects. It is also important to remember that
individuals with CAH may develop hypertension
owing to overzealous replacement therapy.

Steroid 11-b-Hydroxylase Deficiency

Hypertension is one of the cardinal features of 11-b-
hydroxylase deficiency (19,21–25), as the abnormal
adrenal steroid pattern leads to mineralocorticoid
excess, the physiology of which includes decreased
renal sodium excretion with consequent volume
expansion and hypertension. The virilization seen in
11-b-hydroxylase deficiency and its management are
discussed at length in Volume II, Section II,
Chapter 9; virilization is universal in this condition.
Unless the mother of an affected female fetus is
treated during pregnancy, the baby will have ambigu-
ous or masculinized external genitalia, owing to
excess of adrenal androgens, while her internal organs
will be normal (26). After birth, both affected males
and females develop progressive penile or clitoral
enlargement, respectively, along with rapid somatic
growth. If appropriate treatment is not initiated,
early closure of epiphyses will lead to short final
stature.

Hypertension is common but not universal in
11-b-hydroxylase deficiency, usually noted in later
childhood or adolescence, and this hypertension often
has an inconsistent relation to the biochemical profile
(18,19). Hypokalemia is only variably present, though
it should be remembered that potassium depletion
and sodium retention may not be reflected by serum
or plasma potassium values, owing to shifts from intra-
cellular potassium to the extracellular space. Thus, total
body potassium may be markedly depleted, yet serum
or plasma potassium may be in the normal range. The
production and release of renin are suppressed by the
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volume expansion. Furthermore, aldosterone pro-
duction is decreased with relative decrease in
circulating potassium. However, in some circum-
stances, the characteristic findings of low renin and
elevated aldosterone have been absent.(24,27–29).

Therapy of 11-b-hydroxylase deficiency should
be focused on normalizing steroids. Thus, glucocorti-
coid administration will not only normalize cortisol

function but should reduce ACTH secretion and
levels to normal, which should remove the drive for
oversecretion of deoxycorticosterone (DOC). Such
therapy usually cures the hypertension (21). However,
if hypertension is marked, antihypertensive therapy
should be used in this disorder to ensure good control
of hypertension until control with glucocorticoid
therapy.

Table 4 Low-Renin Hypertension in Childhood

Signs and symptoms Hormonal findings Source Genetics Comment

Steroidogenic enzyme defects
Steroid 11-b-hydroxylase

deficiency

#PRA and aldo; high serum

androgens/urine 17

ketosteroids; elevated DOC

and 11-deoxycortisol

Adrenal: ZF CYP11B1 mutation (encodes

cytochrome P45011b/18 of

ZF); impairs synthesis of

cortisol and ZF 17-

deoxysteroids

Hypertensive virilizing CAH;

most patients identified by

time they are hypertensive.

Increased BP may also

occur from medication side

effects

Steroid 11-a-hydroxylase/

17,20-lyase deficiency

# PRA and aldo; low serum/

urinary 17-hydroxysteroids;

decreased cortisol; "
corticosterone (B) and DOC

in plasma; serum

androgens and estrogens

very low; serum

gonadotrophins very high

Adrenal: ZF; gonadal:

interstitial cells (Leydig in

testis; theca in ovary)

CYP17 mutation (encodes

cytochrom P450C17)

impairs cortisol and sex

steroid production

CAH with male

pseudohermaphroditism;

female external genital

phenotype in males;

primary amenorrhea in

females

Hyperaldosteronism
Primary aldosteronism # PRA; plasma aldosterone,

18-OH- and 18 oxoF;

normal 18-OH/aldo ratio

Adrenal adenoma: clear cell

tumor with suppression of

ipsilateral ZG

Unknown; very rare in

children; female:male ratio

is 2.5–3:1

Conn syndrome with aldo

producing adenoma;

muscle weakness and low

Kþ in sodium-replete state

Adrenocortical hyperplasia As above; source of hormone

established by radiology or

scans

Adrenal: focal or diffuse

adrenal cortical hyperplasia

Unknown As above

Idiopathic primary

aldosteronism

High plasma aldo; elevated

18-OHF/aldo ratio

Adrenal: hyperactivity of ZG of

adrenal cortex

Unknown As above

DOC-producing tumor High plasma DOC Adrenal: adenoma/carcinoma Unknown As above

Dexamethasone-suppressible

HTN

GRA Plasma and urinary aldo

responsive to ACTH;

dexamethasone

suppressible within 48 hr; "
urine and plasma

18OHS,18-OHF, and 18

oxoF

Adrenal: abnormal presence

of enzymatic activity in

adrenal ZF, allowing

completion of aldo

synthesis from 17-deoxy

steroids

Chimeric gene that is

expressed at high level in

ZF [regulated like CYP11B1)

and has 18-oxidase activity

(CYP11B2 functionality)

Hypokalemia in sodium-

replete state

AME " Plasma ACTH and secretory

rates of all corticosteroids;

nl serum F (delayed plasma

clearance)

" Plasma F bioactivity in

periphery (F!E) of bi-dir.

11-b-HSD or slow

clearance by 5 a/b
reduction to allo dihydro-F

Type 2 11-b-HSD mutations Cardiac conduction changes;

LVH, vessel remodeling;

some calcium

abnormalities;

nephrocalcinosis; rickets

Nonsteroidal defects
Liddle’s syndrome Low plasma renin, low or

normal Kþ; negligible

urinary aldosterone

Not a disorder of

steroidogenesis, but of

transport

Autosomal dominant

abnormality in epithelial

sodium transporter, EnaC,

in which channel is

constitutively active

Responds to triamterene

Pseudohypoaldosteronism

II—Gordon syndrome

Low plasma renin, normal or

elevated Kþ
Not a disorder of

steroidogenesis, but of

transport

Autosomal dominant

abnormality in WNK1 or

WNK4

Responds to thiazides

Abbreviations: GRA, glucocorticoid-remediable aldosteronism; AME, apparent mineralocorticoid excess; PRA, plasma renin activity; BP, blood pressure; DOC,

deoxycorticosterone; ZF, zona fasciculata; ZG, zona glomerulosa; HTN, hypertension; HSD, hydroxysteroid dehydrogenase; LVH, left ventricular hypertrophy; aldo,

aldosterone.

Source: From Ref. 20.
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Variants of 11-b-hydroxylase deficiency likely
relate to the several mutations that can cause the syn-
drome. For example, Zachman et al. (25) found a
person in whom 11-b-hydroxylation was inhibited
for 17-a-hydroxylated steroids but in whom there
was intact 17-deoxysteroid hydroxylation. Multiple
mutations affecting the expression of the CYP11B1
gene have been described; these include frameshifts,

point mutations, extra triplet repeats, and stop muta-
tions (27–32). A distinct hypotensive disorder, called
corticosterone methyloxidase Type II, occurs when a
mutation affects CYP11B2 (aldosterone synthase) (33).
Clinically, this latter abnormality leads to a problem of
terminal aldosterone synthesis and thus is accompa-
nied by salt wasting and hypotension (33).

Steroid 17-a-Hydroxylase Deficiency

Both the adrenals and gonads are affected when the
enzyme 17-a-hydroxylase is abnormal and dysfunc-
tional, which results in decreased production of both
cortisol and sex steroids (the production of which
requires the 17,20 lyase function of the same enzyme)
(16,17,29–31). Phenotypically, an affected person, irres-
pective of genetic sex, appears female, and puberty
does not take place. In fact, diagnosis too often occurs
late—at the time when puberty should occur but pri-
mary amenorrhea and lack of secondary sexual
characteristics are noted (19,21,34–36). Another mode
of presentation for affected children is the presence of
an inguinal hernia. Patients are usually both hyperten-
sive and hypokalemic, owing to huge overproduction
of corticosterone (compound B). The biochemical
aspects of these defects are described more completely
in the chapters on CAH.

This rare type of hypertension was first
described in a female patient by Biglieri et al. (34),
and then in a feminized male by New and coworkers
(25), though since in well over 150 patients (37–40).
Treatment is effective if glucocorticoid replacement
is initiated before puberty, but this may not always
correct the hypertension. If replacement therapy fails
to correct the elevated blood pressure, appropriate
pharmacotherapy should be used to lower the blood
pressure to maintain it within the normal ranges for
age and size.

Figure 2 Steroid biosynthesis. Source: From Ref. 20.

Figure 1 Low-renin hypertension algorithm. Abbreviations: GRA, gluco-

corticoid-responsive aldosteronism; AME, apparent mineralocorticoid

excess; THF, tetrahydrocortisol; THE, tetrahydrocortisone. Source: From

Ref. 16.

Figure 3 Aldosterone regulation. Abbreviation: ACTH, adrenocorticotropic

hormone. Source: From Ref. 20.
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PRIMARY ALDOSTERONISM: ALDOSTERONE-
PRODUCING ADENOMA AND BILATERAL
ADRENAL HYPERPLASIA

Aldosterone-producing adenomas (APAs) are rare in
children; when these occasionally occur, it is usually
as a solitary mass (19,41–49), though bilateral masses
may also occur (10% of total). Occasionally, such ade-
nomas produce DOC rather than aldosterone. The
hallmarks include hypokalemia and hypertension,
and the optimal method for diagnosis can be complex
and controversial, even among adults. Rather than
primary aldosteronism secondary to adenomas, it is
far more likely that a child will have bilateral adrenal
hyperplasia (48).

Diagnosis should be possible when the studies
for an APA fail to find a definite lesion. The number
and type of tests, some invasive, are similar to that
for APA and hyperplasia. ACTH sensitivity is assessed
by suppression of the adrenal glands. Assessment of
aldosterone levels not only peripherally but using
bilateral adrenal vein sampling may be helpful.
Imaging studies including ultrasonography (47), com-
puted tomography scan (50), scintigraphy using
radioiodocholesterol (51), and nuclear magnetic reson-
ance imaging (52) have all been used.

When APA is present, surgery is indicated (19).
Surgical therapy with total or subtotal adrenalectomy
for bilateral adrenal hyperplasia has been advocated,
but hypertension may either continue or return.
Instead, management using the nonspecific mineralo-
corticoid antagonist spironolactone may be more
effective (19,43). Eplerenone is the first of the more
specific aldosterone receptor antagonists and may
prove to have a useful role (53).

GLUCOCORTICOID-RESPONSIVE ALDOSTERONISM–
DEXAMETHASONE-SUPPRESSIBLE
HYPERALDOSTERONISM (OMIM # 103900)

Glucocorticoid-responsive aldosteronism (GRA) was
first reported by Sutherland et al.(54) and New and
Peterson (55) in 1966–1967 as a novel form of increased
aldosterone secretion accompanied by suppressed
renin and treatable by dexamethasone. It is listed in
the Online Mendelian Inheritance in Man (OMIM) as
#103900. OMIM can be accessed on-line (56). This
condition, an autosomal dominant (57), has been
reported in numerous pedigrees (58–62) and is due
to a chimeric gene duplication (the fusion of 11-b-
hydroxylase and aldosterone synthase genes from an
unequal crossing-over event) (63,64), leading to the
regulation of aldosterone synthesis and secretion
solely by corticotropin instead of by angiotensin II
and potassium (62,65–67). The chimeric gene product
converts cortisol to 18-hydroxy and 18-oxo metabolites
that can be measured in urine (68–71).

In GRA patients, both serum and urine aldoster-
one levels are generally elevated, but not invariably.

However, pathognomonic findings are generally that
the urinary cortisol metabolites TH18oxoF and 18-
hydroxycortisol are very high in GRA, and the ratio
of TH18oxoF/THAD is elevated. A commercially
available urinary steroid profile can distinguish GRA
patients from those with apparent mineralocorticoid
excess (AME) or Liddle’s syndrome (Nichols Institute,
San Juan Capistrano, California, U.S.A.) (71). Specific
genetic testing is both sensitive and specific.

Patients have excessive aldosterone secretion,
leading to salt and water retention, plasma volume
expansion, and then, hypertension. When hyperten-
sion occurs, as it often does in GRA, glucocorticoid
suppression can control it. GRA appears to be rare,
yet it still is not often considered in the course of an
evaluation of pediatric hypertension. Affected indivi-
duals often have a family history of severe ‘‘essential
hypertension’’ that has resisted therapy, or of family
members who have had early cardiovascular events
including stroke and myocardial infarction.

Dluhy et al. recently reviewed the medical
records of 20 children from 10 unrelated pedigrees
of GRA to assess their course (72). Of the 20, 16 chil-
dren developed hypertension, as early as one month
of age. Interestingly, four were not hypertensive. Half
of those with hypertension were controllable with
monotherapy (glucocorticoid suppression or aldoster-
one receptor/ENaC antagonists). The rest required
combination therapy, and three of those were unable
to achieve blood pressure control.

Neither hypokalemia nor suppressed plasma
renin activity is necessarily present at diagnosis, and
thus this diagnosis might be entertained more fre-
quently than it has been. Dexamethasone and other
glucocorticoids usually control the hypertension quite
easily in young individuals with GRA, though adults
with this chimeric gene may not resolve their hyper-
tension when diagnosis has been delayed.

APPARENT MINERALOCORTICOID EXCESS
(OMIM # 218030)

AME is marked by low-renin hypertension accom-
panied by hypokalemia and metabolic alkalosis (27).
The syndrome was first delineated in 1977 by New
et al. during their evaluation of a young native
American girl from the Zuni tribe who presented with
this clinical picture (73,74). The hypertension in AME
is severe, often accompanied by early end-organ dam-
age (75). The presence of 11-b-HSD is necessary for the
prevention of mineralocorticoid activity of cortisol,
and when this enzyme is low or absent, cortisol-
mediated hypertension can occur. In AME, then,
cortisol acts as if it were a potent mineralocorticoid.
While initial therapy with spironolactone frequently
is effective, patients may well become refractory,
and there is an absence of 11-b-HSD.

The microsomal enzyme 11-b-HSD interconverts
the active 11-hydroxyglucocorticoids to their inactive
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ketometabolites. Both aldosterone and cortisol have
an affinity for the mineralocorticoid receptor, and
under usual circumstances, 11-b-HSD is protective,
preventing binding of cortisol to the mineralocorti-
coid receptor. In AME, the slow metabolism of
cortisol to the biologically inactive cortisone, with a
prolonged cortisol half-life (76,77) causes cortisol to
act as a potent mineralocorticoid. The metabolism of
cortisone to cortisol, however, is normal.

There are two forms, kinetically distinct, of the 11-
b-HSD enzyme. 11-b-HSD1 is widely distributed and,
while its Km for cortisol is an order of magnitude higher
than for 11-b-HSD2, it preferentially requires nic-
otinamide adenine dinucleotide phosphate, mainly
acting as a reductase. In contrast, 11-b-HSD2 is loca-
lized mainly to epithelia that transport sodium. It has
a high affinity for cortisol and requires nicotinamide
adenosine dinucleotide. 11-b-HSD2 is involved in
sodium transport, predominantly in the renal distal
tubule. Clinical findings have suggested that the 11-b-
HSD enzyme was abnormal in AME (78,79). It was
postulated that patients with AME had a loss of miner-
alocorticoid receptor specificity such that cortisol could
bind to the mineralocorticoid receptor and act as a min-
eralocorticoid. Although defective 11-b-HSD seemed a
likely explanation, the first form of this enzyme found
was normal. However, it is now known that an abnor-
mality in the Type 2 isoform of 11-b-HSD is mutated
in AME (80–84). To date, many distinct mutations have
been reported. These mutations have been shown to
impair the conversion of cortisol to cortisone.

Children with classical AME generally present
in early life, often with failure to thrive, severe hyper-
tension and/or persistent polydipsia. These patients
are volume expanded and respond to dietary sodium
restriction. Plasma renin activity is impressively
decreased. The diagnosis can be made biochemically
by obtaining the ratio of cortisol to cortisone in the
urine. The urinary ratio of tetrahydrocortisol (THF)/
tetrahydrocortisone is abnormal, with a predominance
of THF. The generation if cortisone from cortisol after
11-tritiated cortisol is injected is only 0% to 6%, com-
pared to normal, which is 90% to 95% (85).

These children often develop cardiovascular
complications from their hypertension. In addition,
some develop nephrocalcinosis and renal failure
(86). Early diagnosis can do much to ameliorate the
situation, if the hypertension can be controlled.

A mild form of AME has been reported in a Menno-
nite kindred, in which there is a P227L mutation in the
HSD11B2 gene (87,88). In 2001, New et al. reported two
sisters from the Iroquois nation; the proband was
referred with mild hypertension as a possible patient
with AME, yet she had resistance to glucocorticoids,
mineralocorticoids, and androgens (89). Despite signifi-
cantly elevated glucocorticoids, she had no cushingoid
features, and no evidence of masculinization, though
her androgen levels were elevated (89). It was proposed
that these two young women may have a coactivator
defect (89).

Recently, hypertension without the characteristic
findings of AME have been described in the hetero-
zygous father and homozygous daughter who have
mutations in 11-b-HSD2 (90). Studies in patients with
hypertension suggest a deficiency in 11-b-HSD2
activity, along with abnormalities that may be geneti-
cally determined (91) The 11-b-HSD2 gene appears to
confer specificity for the aldosterone receptor (92).

Licorice-induced hypertension has a pathogenesis
similar to that seen in AME (81,82,86). Glycerrhetinic
acid, which is the active component of licorice, inhibits
11-b-HSD, leading to increased stimulation of the
mineralocorticoid receptor (93).

MUTATIONS IN RENAL TRANSPORTERS CAUSING
LOW-RENIN HYPERTENSION
Pseudohypoaldosteronism Type II—Gordon
Syndrome (OMIM # 145260)

Pseudohypoaldosteronism Type II is an autosomal
dominant condition associated with hyperkalemia,
acidemia, and hypertension along with increased salt
reabsorption by the kidney (16,94–96). The condition
is also known as Gordon’s syndrome or familial
hyperkalemia and is listed as OMIM # 145260. A hall-
mark of this disease is low renin hypertension and
improvement with the use of thiazide diuretics or
with triamterene. Interestingly, aldosterone receptor
antagonists do not correct the abnormalities. The
pathogenesis long remained elusive, though the
physiological studies and response to diuretics
strongly indicated a defect in renal ion transport in
the presence of normal glomerular filtration rate.

Genes for PHAII were mapped to chromosomes
17, 1, or 12 (97–100). Recently a PHAII kindred in
which linkage analysis suggested the involved area
was the most telomeric 2-centimorgan segment of
chromosome 12p (lod score 5.07) was found to have
abnormalities in WNK1. The mutations are large
intronic deletions which increase WNK1 expression.
Another family has been found with missense muta-
tions in WNK4, which is on chromosome 17. WNK
1 is widely expressed in the body, while WNK4 is
mainly expressed in kidney, localized to tight junc-
tions. It is thought that abnormalities in WNKs
change the way potassium and hydrogen are handled
in the collecting duct, thus increasing salt resorption
and intravascular volume. How this occurs is not clear.
It is unlikely that these kinases simply increase the
activity of ENaC. More likely, they either increase
transcellular chloride conductance in the collecting
duct or increase paracellular chloride conductance.
This may increase salt resorption and intravascular
volume and dissipate the electrical gradient and
decrease Kþ and Hþ secretion. They might also lead
to constitutive increase in activity of the Na-Cl cotran-
sporter in the collecting duct or increase its activity in
the distal convoluted tubule.
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The lesson inherent in the association of WNK
kinases with PHAII is that many people with low
renin primary hypertension respond to thiazide
diuretics. Might these people have variants in
WNK1 or WNK4, which predispose to hypertension?
There are some data from linkage studies that suggest
such an association might be important (100). Further-
more, the WNK kinases and their signaling pathways
may be a fruitful target for future development of
antihypertensive drugs.

Liddle Syndrome (OMIM # 177200)

In 1963, Liddle et al. (101) described early onset of
hypertension with hypokalemia in a family who had
low renin and aldosterone concentrations. Inheritance
was as an autosomal dominant. Inhibitors of renal epi-
thelial sodium transport, such as triamterene, worked
well in controlling hypertension, but inhibitors of the
mineralocorticoid receptor did not. A general abnor-
mality in sodium transport seemed apparent, as the
red blood cell transport systems were not normal (102).
The concept that a major abnormality was present in
renal salt handling was fostered by the fact that a
patient with Liddle syndrome who needed a renal
transplant had normalization of the blood pressure
and serum potassium following the procedure (103).

The abnormality in Liddle syndrome thus looked
like aldosterone excess, yet the patients had very low
aldosterone as well as renin levels (104–106). Many
but not all patients have low potassium. Mineralocor-
ticoid-dependent sodium transport within the renal
epithelia requires activation of the epithelial sodium
channel, ENaC, which is made up of a, b, and g sub-
units, which have been cloned and characterized.
The b and g subunits are in proximity on chromosome
16, and mutations in these subunits have been ident-
ified in Liddle syndrome. More information can be
found in OMIM, in which Liddle syndrome is listed
as OMIM # 177200.

CUSHING SYNDROME AND HYPERTENSION

Glucocorticoid excess leads to a well-described syn-
drome of weight gain, linear height growth attenuation,
myopathy, centripetal obesity, striae, moon facies, and
buffalo hump (107–110). Hypertension is part of this con-
stellation, whether due to exogenous glucorticoid
therapy or endogenous hypercortisolism from a variety
of causes. The hypertension improves upon control of
the underlying cause (and therapy is discussed in
Volume II, Section II, Chapter 8) It is important that the
hypertension be treated and controlled while the cause
is being evaluated and treated.

HYPERTENSION IN PHEOCHROMOCYTOMA AND
NEURAL CREST TUMORS

Hypertension is nearly universal in pediatric pheochro-
mocytoma, and management is discussed in Volume II,
Section II, Chapter 10. Several points concerning the
hypertension in children with pheochromocytoma are
worth emphasizing in this chapter as well (111–127).
The hypertension seen in children and adolescents with
pheochromocytoma is often constant rather than epi-
sodic; thus the diagnosis should always be ruled out
in a child with marked hypertension.

The management of the hypertension in a child
with pheochromocytoma should be divided into the
preoperative phase, intraoperative phase, and post-
operative phase. Preoperatively, it is worthwhile to
be certain that the child’s blood pressure is controlled
and the child stable before surgery is attempted. The
doses of medications as used are listed in Table 5.
As was pointed out in Volume II, Section II, Chapter 10,
while a-blockade is felt to be important, b-adrenocep-
tor blockade should not be used as sole therapy,
as it fails to prevent the effects of catecholamine at
a-adrenoceptors and may cause severe hypertension.

Some sources suggest inducing volume expan-
sion along with blood pressure control in the

Table 5 Treatment of Catecholamine Excess Oral Medications to Use Preoperatively

Drug Indications/pharmacokinetics Dose Preparation

a-Adrenergic blockers
Phenoxybenzamine Long half-life Start at 10 mg b.i.d.!20–40 mg

b.i.d. or tid

10 mg capsules

Prazosin Selective a1-antagonist; short half-life 1 mg q 8 hr, up to 20 mg/day 1,2,and 5 mg capsules

b-Adrenergic blockers Do not use before full a-blockade

Propranolol Nonselective b-antagonist; may induce

wheezing; biologic half-life �4 hr

1 mg/kg/dose b.i.d. to q.i.d. 10,20,40,60,80 mg tabs

Propranolol—long acting Same as propranolol 1 mg/kg/day 60 and 80 mg capsules

Atenolol Selective b1-antagonist; 50% absorbed

orally; peaks at 2–4 hr, half-life 6–7 hr;

oral duration 24 hr

1–2 mg/kg q.d. 25, 50, and 100 mg tablets

a/b-Adrenergic blockade
Labetalol Combined blocker; limited pediatric

information

3–4 mg/kg/day in two divided doses;

increase to 40 mg/kg/day per oral

100, 200, and 300 mg tablets

Competitive inhibitor of
tyrosine hydroxylase

Metyrosine (Demser) Competitive inhibitor tyrosine hydroxylase 250 mg b.i.d. to q.i.d. 250 mg capsules
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preoperative period—the rationale being that this may
help to prevent intraoperative volume instability (128).

Preoperatively, it is wise to premedicate to avoid
anxiety, which by itself may precipitate a catechola-
mine release and crisis (117). Premedication with
oral diazepam has been used in children (129). Dro-
peridol should be avoided, as it may increase
catecholamine release (130). Glycopyrrolate is an
anticholinergic that has little effect on heart rate and
works well to reduce secretions (129). Perioperatively,
it is important to consider the use of nonexcitatory
neuromuscular medications. Accordingly, fentanyl
should also be avoided because of the potential of
increased catecholamine release. Furthermore, atro-
pine is contraindicated, because this agent may lead
to tachycardia in the presence of elevated blood cate-
cholamines.

Monitoring arterial pressure and cardiogram is
essential during surgery, and providing muscle relax-
ants prior to intubation is important. As a muscle
relaxant, vecuronium is a good choice, given its mini-
mal influence on the cardiovascular system. One
should avoid the use of succinylcholine, which can
lead to fasciculations in muscle, leading to catechola-
mine discharge. Pancuronium is a sympathomimetic
that should be avoided, because it can lead to hyper-
tensive crisis in this setting. It may be useful to spray
1% lidocaine into the trachea or give a dose intrave-
nously to decrease sympathetic stimulation just prior
to intubation.

Anesthesia with isoflurane or enflurane is usual
and well tolerated. If a hypertensive crisis occurs dur-
ing surgery, prompt therapy with intravenous (IV)
phentolamine or nitroprusside is essential, as well as
control of any arrhythmias that may develop. In
addition to phentolamine and nitroprusside, the cal-
cium channel blocker nicardipine has been used
with success, as well as labetalol, esmolol, nitroglycer-
ine, and the dopamine 1 agonist fenoldopam.

Postoperatively, most children with resectable
tumors normalize their blood pressure. However,
about one-fourth of adults do not, likely because most
of these people have concomitant primary hyperten-
sion. Those children who require continued
antihypertensive therapy after resection are generally
those whose tumors are not fully resectable or who
have malignant pheochromocytoma. In such situa-
tions, a combination of a- and b-blockade can
control blood pressure. Additionally, metyrosine
(Demser) is useful for inhibiting catecholamine syn-
thesis and the calcium channel blocker nifedipine is
successful in decreasing clinical symptoms.

HYPERTENSION IN THYROID DISEASE

Hypertension is widely stated to occur in both
hyperthyroidism (131–133) and hypothyroidism (134),
not surprisingly via distinctly different mechanisms
(Volume II, Section II, Chapters 17 and 18). A considerable

body of experimental data demonstrate that models of
hyperthyroidism are accompanied by hypertension
(135). Activation of the renin–angiotensin system
appears important in this form of hypertension, which
is ameliorated by the angiotensin II antagonist, e.g.,
valsartan. Conversely, an older literature showed that
spontaneously hypertensive rats had a propensity to
have thyroid functional abnormalities.

Clinically, hypertension as part of hyperthyroid-
ism is widely known (131–133). Treatment of the
hypertension with antihypertensive agents generally
proves to be successful. This form of hypertension
has been reported in neonates with hyperthyroidism,
as well as in older children.

The circadian rhythm in hyperthyroidism
appears to vary compared to normal, with a failure
to exhibit nocturnal decrease (dipping) in blood pres-
sure. Systolic hypertension as an isolated finding is
more common than elevation of both systolic and
diastolic hypertension, particularly in young patients.
Increased cardiac output together with decreased total
peripheral resistance is observed.

Hypothyroidism has long been reported as asso-
ciated with hypertension (134). However, few data
truly support this claim. Rather, studies note left ven-
tricular hypertrophy post hoc, in autopsy studies, or
make this claim without providing control subjects.
Therapy of the thyroid deficiency generally decreases
the blood pressure for most individuals. The clinical
findings include increase in sympathetic nervous
system tone, with an augmented a-adrenergic respon-
siveness. Cardiac output tends to be decreased, while
peripheral resistance is increased. If hypertension is
present, it is most often diastolic in nature. Once the
hypothyroidism is corrected, patients can generally be
weaned from hypotensive therapy.

HYPERPARATHYROIDISM AND HYPERTENSION

Hypertension is a frequent occurrence with hyperpar-
athyroidism (136–138). Studies that have considered
mechanisms suggest that intracellular ionized calcium
is elevated and regulated abnormally in this con-
dition. Additionally, iatrogenic hypertension may
occur, as therapy may have side effects leading to
hypertension. Similarly, patients with hypoparathyr-
oidism, if treated to excess with vitamin D analogs
and calcium, may become hypertensive.

PREVENTION OF HYPERTENSION AND
ENDOCRINE SYSTEMS
Expectable Hypertension in the Course
of Prescribed Therapy

No discussion of hypertension in children is complete
without some mention of iatrogenous forms of hyper-
tension. A number of medications commonly used in
endocrine practice may lead to hypertension. These
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include glucocorticoids and mineralocorticoids,
thyroid replacement, and estrogen–progestin combi-
nations (139). Thus, the alert clinician prescribing
such medication will monitor any individual for
whom such medications are prescribed. Additionally,
the self-prescription or inadvertent exposure of
patients to such compounds can indeed result in
elevated blood pressure.

Glucocorticoid-related hypertension is extremely
common among those who are on such preparations
for prolonged time periods. It has been estimated that
88% of children receiving glucocorticoids become
hypertensive (140). The hypertension related to gluco-
corticoid use appears irrespective of indication and

has been reported among children with neurological,
renal, pulmonary, and gastrointestinal disease. Given
a necessary course of steroids, it is imperative that
blood pressure be monitored and treated as needed
until such time as the glucocorticoid dose can be dis-
continued.

Expectable Hypertension in the Course
of a Known Diagnosis

Certain endocrine diagnoses are associated with
hypertension. A child with Turner syndrome has a
definitive chance of having renovascular hyperten-
sion, owing to renal artery abnormalities or renal

Table 6 Oral or Topical Antihypertensives

Medication

type Drug Route Dose Adverse effects Contraindication Comment

Vasodilator Minoxidil PO 0.2 mg/kg to start Fluid retention, reflex

tachycardia

Need to get BP controlled

immediately;

catecholamine-mediated

hypertension

May help in urgencies

Hydralazine PO 0.75–3.0 mg/kg/day Vasodilation symptoms Tachycardia; sensitivity to

hydralazine

Unstable in suspension;

consider periodic ANA

testing

b-Blockers Propranolol PO 0.5–1.90 mg/kg/day

divided q 6 hr

Bradycardia, CHF, intensification

of AV block; mental

depression, visual

disturbances, nightmares,

hallucinations;

bronchospasm; GI symptoms

Asthma, CHF, sinus

bradycardia, liver disease,

cardiogenic shock,

diabetes

May mask signs of

hypoglycemia or

hyperthyroidism; available

in long-acting form

Atenolol PO Once daily; 50 mg

q.d. (adult)

Fewer side effects than

nonselective b-blockers

Pheochromocytoma Relatively cardioselective

Metoprolol PO 1 mg/kg every 12 hr Fewer side effects than other

b-blockers

Can consider using in

patients with reactive

airway disease

Relatively cardioselective

Nadolol PO 1 mg/kg/24 hr Same as other b-blockers, but

less severe

b-Blocker of choice in

asthma

Longer duration of action

permits once/day dosing

ACE inhibitors Captopril PO 0.05–0.15 mg/kg/

dose (low end in

infants)

Hyperkalemia, proteinuria,

cough, rash, marrow

suppression

Use with caution in renal

artery disease [bilateral],

do not use in pregnancy,

or in anyone who has had

angioneurotic edema

More rapid onset than other

ACE inhibitors

Enalapril PO 0.05–0.15 mg/kg/

day

Similar to captopril Similar to captopril-but

longer acting. not sulfur

containing, so perhaps

fewer side effects

Absorption not affected by

food

Calcium

channel

blockers

Nifedipine PO 0.25 mg/kg/dose,

q 4–6 h

Vasoliatation, tachycardia,

nausea, vomiting, sweating;

cardiac problems

Use with caution in heart

failure

Absorption delayed by food

Verapamil PO 4–10 mg/kg/day,

given t.i.d.

Similar to nifedipine Can be put into suspension

Isradipine PO 0.05–0.83 mg/kg/

day

Similar to nifedipine First dose hypotension may

occur

a-Blockers Prazosin PO 1 mg to a maximum of

20 mg q 24 hr

Orthostatic hypotension,

lethargy, sedation, and

fatigue

Specific for catecholamine

excess

Phenoxy-

benzamine

PO 0.2 mg/kg/24 hr Orthostatic hypotension, nasal

congestion

Central

adrenergic

stimulators

Clonidine PO or

patch

0.05 mg/kg b.i.d. to

maximum 2.4 mg/

24 hr

Lethargy, sedation, dry mouth,

retinal degeneration

Abbreviations: CHF, congestive heart failure; PO, per oral; BP, blood pressure; ANA, antinuclear antibody; ACE, angiotensin-converting enzyme; GI, gastrointes-

tinal; AV, atrioventricular.
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malrotation and anatomic problems (141). Children
with calcium-regulatory hormone problems may
develop hypercalcemia and hypercalciuria and
develop nephrocalcinosis with attendant renal
calcification and hypertension (142). Children from
families affected with a familial endocrinopathy
should be followed, given the frequency of neural
crest tumors.

Diabetes may be associated with microalbumin-
uria early, and endocrinologists should, from all that
is now known, monitor children with diabetes for
microalbuminuria, renal function, and blood pressure.
Renoprotective treatment may well be indicated
(143–145) (Volume I, Section II, Chapters 4, 6 and 9).
The presence of hypertension in obese patients and
in those with insulin resistance/dysmetabolic syn-
drome need also be addressed. Weight loss and
behavioral lifestyle changes should be encouraged
as the first goal and remain active even when
additional medical therapy is instituted.

Those endocrine diagnoses for which monitor-
ing blood pressure levels should be part of routine
care are listed in Table 4.

PRIMARY HYPERTENSION: HOW
OFTEN ENDOCRINE?

About one-quarter of the adult population has hyper-
tension, and many hypertensive individuals have salt
sensitivity—blood pressure increases with a high salt
intake and decreases with a lowered salt intake. The
delineation of several monogenic forms of low-renin
hypertension have raised questions as to whether
some individuals with so-called primary hyperten-
sion might have abnormalities in those genes that
lead to Mendelian forms of low-renin hypertension.
Such mutations might not lead inevitably to hyperten-
sion but might cause a predisposition to develop
hypertension. Interestingly, recent studies of indivi-
duals with primary hypertension have detected
certain polymorphisms that appear to be associated
with differences in function of 11-b-HSD2. Some
publications suggest that individuals with either
a polymorphism in 11-b-HSD2 or who have an
increased cortisol half-life seem to respond differ-
ently from others with respect to salt sensitivity.
Such findings suggest that some forms of primary

Table 7 Parenteral and Sublingual Drugs for Use in Hypertensive Emergencies and Urgencies in Pediatric Patients

Medication Route Dosage

Onset of

action Peak/duration Adverse effects Contraindication Comments

Sodium

nitroprusside

(Nipride)

IV infusion 0.3–10mg/kg/min Immediate 1–2 min/2–3 min Thiocyanate toxicity Hepatic insufficiency Photosensitive

preparation; shield

from light

Labetalol IV bolus 0.5 mg/kg over

2 min; if no

response, double

dose and repeat

q 10 min to max

dose of 5 mg/kg

1–5 min 5 min/variable

(generally 2–6 hr)

Postural hypotension;

neurologic

symptoms; nausea

and vomiting

Bronchial asthma;

CHF

Nifedipine S.L. 0.25 mg/kg q 4–6 h 10–15 min 60–90 min/

variable, usually

2–4 h

Vasodilatation,

headache, cardiac

events if preceding

heart failure

Cardiomyopathy;

concomitant use of

b-blockers;

cimetidine (relative)

Cardiac concerns less

relevant in children

than in adults

Esmolol IV 500 mg/kg over

30 sec, and then

infusion of 25mg/

kg/min increasing

dose, e.g. 4 min

to max 300mg/

kg/min

1 min mins/mins hypotension, CNS

effects, nausea

Good drug for

hypertension

intra-op

Enalaprilat IV, over

5 min

0.04–0.8 mg/kg/

dose (child);

0.01 mg/kg

starting neonate

dosage

15 min 1–4 h/variable Hypotension, oliguria,

hypokalemia

Renal failure;

dehydration

Rx hypotension with

volume

Diazoxide IV bolus 1–3 mg/kg

repeated every

5–15 min until

control of BP

1–5 min 1–5 min/variable

(usually < 12 h)

Arrhythmias,

hyperglycemia,

sodium and water

retention

Thiazide sensitivity,

diabetes,

coarctation

May need diuretics to

prevent fluid

retention;

unpredictable BP

drop may occur

Phentolamine IV bolus 0.05–0.1 mg/kg within

30 sec

2 min/5–30 min Tachycardia,

arrhythmia, marked

hypotension

Specific for

pheochromocy-

toma.

Abbreviation: IV, intravenous.
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hypertension may be distinguished from others by
their 11-b-HSD-2 activity (81,91,146). Because not all
studies (147) support such findings, this remains an
area of ongoing consideration. Additionally, some stu-
dies suggest that metabolic syndrome may have
distinct hypertension, differentiable from primary
hypertension (148)

TREATMENT

Current evidence supports the concept that blood
pressure should be well within normal ranges among
adults. For example, the risk of cardiovascular events
among adults is higher among individuals with high
normal blood pressure when compared to those with
mid-range or low normal blood pressure (149). While
no such data yet exist for children, it is more likely
than not that stringent blood pressure control is
important, particularly for children with health pro-
blems that can be associated with hypertension.
Thus, it is reasonable to control blood pressure into
the normal range in any infant, child, or adolescent
who has hypertension.

A primary endocrinopathy should be treated;
yet, if blood pressure is elevated, either because full
therapy is not yet on board, or because therapy
includes medications that can raise blood pressure,
additional therapy in the form of antihypertensive
treatment is indicated. Tables 6–8 lists current oral
and IV medications and dosages (1,150–156). One
should note that specific pediatric indications are pre-
sently evolving, as a result of the Food and Drug
Administration Modernization Act of 1997, which
has encouraged antihypertensive trials in children
(152–154).
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INTRODUCTION

A body of evidence now shows that elevated levels of
plasma cholesterol, especially low-density lipoprotein
cholesterol (LDL-C), are associated with an increased
probability of premature cardiovascular disease in the
adult. This is particularly true for subjects with
the common familial hypercholesterolemia (FH) (a
dominant disorder of lipoprotein metabolism), who
typically manifest atherosclerosis in the fourth to fifth
decade. There is also no doubt that the atherosclerotic
process begins in childhood and therefore preventive
measures should be initiated as early as possible to
prevent progression of the disease (1). In 1992, the
National Cholesterol Education Program (NCEP)
Expert Panel on Blood Cholesterol in Children and
Adolescents recommended that selective screening
for the diagnosis of hypercholesterolemia should be
implemented and that diagnosed children should be
treated based on their LDL-C levels and identified
risk factors (2). The magnitude of the obesity epi-
demic, the increasing prevalence of Type II diabetes
in children, and recognition of the importance of other
risk factors such as sedentary lifestyle, high blood
pressure, and smoking are reflected in the recent pub-
lications of the American Heart Association (AHA)
and the American Academy of Pediatrics, which pro-
vides guidelines for primary prevention of
atherosclerosis in childhood (3,4).

This chapter provides basic knowledge of lipid
metabolism, pediatric lipid disorders, and a review
of the currently suggested methods of diagnosis and
management of this growing population of children
with hyperlipidemia. The management of the preva-
lent disorders responsible for elevated triglyceride
(TG) blood levels in children such as obesity and dia-
betes are reviewed in Vol. 1; Chaps. 2 and 6.

LIPIDS AND LIPOPROTEINS
Structure of Lipids and Lipoproteins

Lipoproteins serve as carriers of lipids (mostly water
insoluble) in body fluids such as blood and lymph.
The outer surface of the lipoproteins is mainly made
up from the water soluble, amphipatic layer of phos-
pholipids and a small amount of free cholesterol
molecules. Embedded in the lipid layer of the outer
shell are the apoproteins. These proteins serve as
structural elements, enzyme cofactors, and ligands
for lipoprotein receptors. The inner core of the lipopro-
teins is composed of hydrophobic (water insoluble)
lipids, mainly cholesteryl esters and TGs (5).

Lipoproteins can be classified according to their
lipid content. Overall, there are four major groups
of lipoproteins, two are TG-rich particles [chylomi-
crons and very low-density lipoprotein (VLDL-C)]
and two are cholesterol-rich particles [LDL and
high-density lipoprotein (HDL-C)] (5).

The Metabolic Pathways of Lipoproteins
Exogenous Pathway
The exogenous pathway of lipoprotein metabolism
begins with the uptake of lipids (predominantly
TGs, but also cholesterol and phospholipids) derived
mainly from the diet, and also from bile (Fig. 1). The
process involves hydrolysis by lipases and formation
of micelles, as well as various carrier proteins and
ligands. The absorption of dietary and biliary choles-
terol plays a role in determining blood cholesterol
levels. New insights into this complex process were
recently summarized by Lammert and Wang and are
beyond the scope of this chapter (6). In the enterocyte,
chylomicrons are formed and secreted to the systemic
circulation through the lymphatic system. From the



lymphatic vessels, via the thoracic duct, which in turn
empties into the vena cava, chylomicrons enter the
systemic circulation and peripheral tissues. Chylomi-
cron apolipoproteins are apoC-II, apoB-48, and
apoE, and as stated earlier chylomicrons are TG-rich
particles (5).

The initial and major step in the metabolism of
the chylomicrons is intravascular. The enzyme lipo-
protein lipase (LPL) breaks down the TG content of
the chylomicrons to monoglycerides and free fatty
acids at the capillary endothelium of skeletal muscle,
cardiac muscle, and adipose tissue; apoC-II is a cofac-
tor of the enzyme LPL. Therefore, deficiency or
malfunction of either apoC-II or LPL can lead to
abnormalities in chylomicron breakdown. The free
fatty acids serve as an energy source for muscle cells,
and in the adipocytes, free fatty acids and monogly-
cerides reassemble as TG to be stored in the adipose
tissue. TG-poor chylomicrons are named chylomicron
remnants, which after binding to the hepatic remnant
receptor are rapidly removed from the plasma. As the
clearance of chylomicrons is rapid, in normal circum-
stances at a fasting state, chylomicrons and their
remnants are not supposed to be detected in plasma.

Endogenous Pathway

In the endogenous pathway, VLDL particles are
assembled by the liver (Fig. 2). This particle is a TG-
rich particle that also carries free cholesterol on its
outer surface and cholesteryl esters in its core. The
apolipoproteins of VLDL are apoC-II, apoB-100, and
apoE.

Similarly to the initial intravascular metabolism
of the chylomicrons, the TG content of the VLDL
undergoes hydrolysis by LPL/apoC-II to generate
the VLDL remnant or the TG-poor intermediate-

density lipoprotein (IDL) particle. The IDL particle
has two optional metabolic pathways—most of it is
transformed to LDL, and a smaller amount of the
IDL is removed by the hepatic apoE/apoB-100 recep-
tor. LDL is the particle that carries cholesterol to
peripheral tissues and back to the liver. LDL is almost
entirely made of cholesteryl esters and apoB-100. The
uptake of cholesterol is dependent on the binding of
LDL to its receptor, the apoB-100/LDL receptor, and
the cholesterol is used for cell membrane construction,
steroid hormone synthesis, and more.

HDL is responsible for transporting cholesterol
from the tissues back to the liver (Fig. 3). The liver
and the intestine secrete HDL as a nascent particle
composed of apoA-IV when secreted by the intestine,
and apoA-Ia and apoA-II when secreted by the liver.
Acquiring cholesterol requires ATP–binding cassette
protein A1ABCA1 (mutations are responsible for

Figure 1 Exogenous pathway of lipoprotein metabolism. Abbreviation:

LPL, lipoprotein lipase.

Figure 2 Endogenous pathway lipoprotein metabolism. Abbreviations:

LDL, low-density lipoprotein; VLDL, very low-density lipoprotein; IDL, intermedi-

ate-density lipoprotein; LPL, lipoprotein lipase.

Figure 3 Metabolism of high-density lipoprotein. Abbreviations: HDL, high-

density lipoprotein; VLDL, very low-density lipoprotein; LDL, low-density lipo-

protein; ABC1, ATP binding cassette protein 1; LCAT, lecithin cholesterol

acyltransferase; CE, cholesterol ester; CETP, cholesterol ester transfer protein.
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Tangier disease where HDL is not detected in the blood).
The free cholesterol is esterified by lecithin:cholesterol
acyl transferase and the cholesteryl esters are either
taken up by the liver or transferred to either VLDL or
LDL by cholesteryl ester transfer protein (CETP) (5).

RATIONALE FOR CARDIOVASCULAR DISEASE
PREVENTIVE MEASURES DURING CHILDHOOD

Evidence that atherosclerosis begins early in life comes
from both clinical evidence and epidemiological data
(7,8). The strongest clinical data are provided by chil-
dren with homozygous FH. These children develop
significant coronary heart disease (CHD) in the first
decade of life and frequently die from myocardial
infarction before the age of 20 (9). Furthermore, blood
cholesterol levels measured at 22 years of age predict
the risk for CHD over the next 30 to 40 years (10),
and data from the Framingham Study show that
cholesterol levels measured in young adult males
and females predict CHD mortality 30 years later
(11). Epidemiological data support the relationship
between childhood cholesterol levels and adult levels
(12,13), and the relationship between hyperlipidemia
in childhood and parental premature CHD (14).
Pathological findings provide further evidence about
the early development of atherosclerosis: A high
frequency of advanced coronary artery lesions was
found in young soldiers killed in the Korean War
(15). In addition, quantitative postmortem estimation
of atherosclerosis in coronary arteries and aortas of
children and young adults demonstrated that there is
a significant relationship between hyperlipidemia
and the extent of atherosclerosis (16).

In agreement with the accumulating evidence, it
has been demonstrated that cardiovascular risk fac-
tors found in children are related to the severity of
atherosclerosis found postmortem in these indivi-
duals dying as young adults (17). Thus, identifying
risk factors for CHD in children may predict the like-
lihood of developing CHD as adults, providing the
strongest argument for identifying and treating these
risk factors.

Screening for Childhood Hypercholesterolemia

Cholesterol screening in childhood is controversial. It
has been suggested that childhood screening should
not be performed because the outcome of treating
children with hyperlipidemia is unknown, cholesterol
measurements performed outside of research centers
may be inaccurate, and some children found to have
elevated plasma cholesterol levels do not continue to
have increased levels as adults. However, several stu-
dies have demonstrated that childhood rank order of
cholesterol is maintained over time (18), and when
cholesterol levels in children were greater than the
90th percentile on two occasions, 75% of the children
had high cholesterol levels as adults (13). Further-
more, in a study examining adults who initially

were examined as children, it was found that reduced
cholesterol levels as adults were partially due to
adopting changes of lifestyle in childhood that
resulted in modification of risk factors (18).

In the United States, current pediatric recom-
mendations regarding cholesterol screening are to
selectively screen children older than two years of
age with a positive family history of hypercholestero-
lemia and/or early heart disease (i.e., a pool of
patients enriched in genetic factors predisposing to
heart disease) and those children in whom a family
history cannot be obtained (i.e., adopted children)
(2). Positive family history of premature CHD is
defined as a parent, grandparent, or first-degree aunt
or uncle who experienced one of the following before
the age of 55: myocardial infarction, angina pectoris,
peripheral vascular disease, cerebrovascular disease,
sudden cardiac death, or documented coronary
atherosclerosis. Parental hypercholesterolemia is
defined as total blood cholesterol of 240 mg/dL or
higher. Presence of other conditions commonly asso-
ciated with increased risk of CHD, such as smoking,
diabetes, obesity, and hypertension are also reasons
for checking cholesterol levels.

In this context, it is important to remember that
there is low efficacy of the targeted screening. While
planned to cover 25% of the population, it is estimated
that 35% to 45% of the population would be eligible
for these screening recommendations.

Furthermore, the primary focus of the guidelines
is on elevated LDL-C levels. They do not address
other lipoprotein abnormalities such as decreased
HDL levels or hypertriglyceridemia, and they do not
address the much more prevalent lipid abnormalities
associated with obesity and the metabolic syndrome,
such as the presence of small, dense LDL.

Preliminary Assessment of Children
with Hyperlipidemia

For children with a positive family history of prema-
ture CHD, fasting lipoprotein analysis [total
cholesterol (TC), total TGs, HDL-C, and LDL-C]
should be performed. Usually, the lipids measured
in a routine lipid profile are TC, TG, and HDL-C.
LDL-C is calculated utilizing the measurements in
the Friedewald equation (can be done only if TG are
less than 400 mg/dL). The equation is [LDL-C ¼ TC
� (HDL-C þ TG/5)], while TG/5 represents the
VLDL-C content of serum or plasma. Direct LDL-C
measurement is possible but in most circumstances
is not necessary, because of the relative accuracy of
the calculated LDL-C level. For children, fasting
means consuming nothing except water after mid-
night. Lipoprotein profiles should be performed
twice and an average of the two determinations
should be used for further evaluation and treatment.
This is due to large variability within individuals that
may be due to measurement error, regression-to-the-
mean, day-to-day variability, seasonal variability
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and, specifically in children, change with age, growth,
and pubertal status.

In the absence of a familial history of premature
CHD, but with parental hypercholesterolemia or other
risk factors, a nonfasting TC is sufficient as the initial
test. Levels of TC and the various lipoproteins are dif-
ferent in children and adolescents compared to those
of adults. TC in the umbilical cord blood is approxi-
mately 70 mg/dL, and the 50th percentile at two
years of age is 162 mg/dL. Acceptable TC levels were
set by the NCEP (2) at less than 170 mg/dL (Table 1).
If the TC level is elevated, a fasting lipoprotein analy-
sis described above should be performed to confirm
the first result, as well as to determine the LDL-C
level. Table 1 provides acceptable, borderline, and
high LDL-C levels. These NCEP guidelines are based
on cholesterol distribution among American children
in the Lipid Research Clinics Prevalence study in
which the 75th percentile was set as borderline and
95th percentile as high (2). These levels were recently
endorsed again by the AHA (4), and serve as the cut-
off values for evaluation of children with
hypercholesterolemia regardless of age of sex.

For any child with high cholesterol (either TC or
LDL-C), screening tests for secondary causes of
hypercholesterolemia (in particular, diabetes and dis-
eases of the thyroid, liver, and kidney) should be
obtained. Certain medications (such as steroids, antic-
onvulsants, and oral contraceptives) can also be
secondary causes. A list of secondary causes of
hypercholesterolemia is given in Table 2.

Elevated TG in children is caused by various
conditions detailed in Table 3. These conditions are
usually not part of an inherited hyperlipidemia asso-
ciated with premature CHD (19).

For children and adolescents, the NCEP has not
yet defined normal and abnormal TG levels. For
adults, NCEP has defined desirable levels of TGs as
less than 150 mg/dL, mildly elevated levels are 150
to 199 mg/dL, elevated levels are 200 to 499 mg/dL,
and levels at or higher than 500 mg/dL are very high.
At the University of Florida (20), hypertriglyceride-
mia in children is defined as TG levels at or above
125 mg/dL. This value of 125 mg/dL approximates
the mean 95th percentile for TGs in boys and girls
across childhood and adolescence. Functionally
mild hypertriglyceridemia in children is defined as
values ranging from 125 to 299 mg/dL, modest

hypertriglyceridemia is from 300 to 499 mg/dL,
marked hypertriglyceridemia is from 500 to 999 mg/
dL, and values of 1000 mg/dL or more represent
massive hypertriglyceridemia. These cut offs can be
used when determining treatment approaches to
hypertriglyceridemia.

Table 1 Cutoff Points of Total and Low-Density Lipoprotein Cholesterol in

Children and Adolescents with a Family History of Premature Cardiovascular

Disease or Hypercholesterolemia (National Cholesterol Education Program)

Category Total cholesterol (mg/dL) LDL-C (mg/dL)

Acceptable <170 <110

Borderline 170–199 110–129

High >200 >130

Note: Borderline levels denote the 75th to the 95th percentile. High levels

denote those above the 95th percentile (2). The age and sex percentiles for

serum lipid levels are shown in Vol. 1; Chap. 30.

Table 2 Secondary Causes for Hypercholesterolemia

Endocrine

Hypothyroidism

Hypopituitarism

Diabetes mellitus

Metabolic

Gaucher disease

Glycogen storage disease

Tay-Sachs disease

Niemann-Pick disease

Renal

Nephrotic syndrome

Hemolytic uremic syndrome

Liver disease

Hepatitis

Cholestasis (benign recurrent intrahepatic cholestasis, congenital biliary

atresia, and alagille syndrome)

Medications

Androgens

Diuretics (thiazide diuretics and loop diuretics)

Glucocorticoids

Immunosuppressive agents and chemotherapy (cyclosporine, tacrolimus,

and L-asparaginase)

Oral contraceptives

Retinoids

Miscellaneous

Anorexia nervosa

SLE

Klinefelter syndrome

Idiopathic hypercalcemia

Table 3 Secondary Causes for Hypertriglyceridemia

Endocrine disorders

Obesity

Diabetes mellitus

Insulin resistance

Cushing syndrome

Hypothyroidism

Acromegaly

Renal disease (e.g., chronic renal failure)

Liver disease-hepatocellular

Metabolic disorders

Lipodystrophy

Gout

Glycogen storage disease Type I (Von gierke)

Medications

Glucocorticoids

Growth hormone

Diuretics—thiazides

Beta-blockers

Estrogens

Retinoic acid derivatives

Antiretroviral HIV therapy

L-asparaginase

Miscellaneous

Alcohol abuse

Pregnancy
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MONOGENIC DISORDERS RESULTING IN HIGH
LDL-C LEVELS
Familial Hypercholesterolemia

FH is an autosomal dominant disease, characterized
by elevated LDL-C levels and premature CHD. FH
is caused by mutations in the LDL receptor gene
located on chromosome 19. The gene is a housekeep-
ing gene found in almost all tissues, and more than
800 mutations have been described so far. The binding
of LDL to its receptor is a complex process in which a
defect in any element of that process will present as
the phenotype of FH. Figure 4 provides the major
possible defects in LDL-R uptake of LDL. In the het-
erozygote FH, one allele of the LDL-R is defective
and this is associated with a 30% increase in LDL pro-
duction. Homozygous FH is caused when both alleles
are mutated causing lack of function of the LDL-R,
resulting in �2- to �3-fold increase in LDL pro-
duction. FH is relatively common and, in the
heterozygote form, affects approximately 1 in 500 of
the general population. Homozygote form is very
rare, affecting approximately 1 in 1,000,000 of the gen-
eral population (21,22).

The diagnostic hallmark of FH is tendon xantho-
mata. Xanthoma contains infiltrates of lipid-laden
foam cells in nonvascular tissues. The most common
sites are the Achilles tendon and the tendons overly-
ing the knuckles, but in children, tendon
xanthomata are present in a small fraction of hetero-
zygous FH and never before the second decade of
life. Corneal arcus and xanthelasma are not specific
for FH, but their presence in an adolescent with ele-
vated LDL-C is diagnostic (23).

The diagnosis of heterozygous FH is based on
establishing dominantly inherited hyperlipidemia

(clear evidence of elevated LDL-C also in one of the
parents and either elevated LDL-C or premature
CHD in one of the grandparents), and on elevated
LDL-C serum levels that are usually twice the normal
values. The diagnosis can be confirmed by identifying
mutations in the LDL-receptor gene or studying LDL
receptor function in cultured cells.

If they remain untreated, subjects with hetero-
zygous FH may experience their first heart attack
between the 30th and the 40th year of life. More than
50% of males and about 15% of females with hetero-
zygous FH will die before 60 years of age (24).
Homozygous subjects with FH carry two gene
mutants from their parents who both must have
hypercholesterolemia. They exhibit a 6- to 10-fold ele-
vated LDL-C concentration from birth, develop
cutaneous and tendinous xanthoma (Fig. 5) and death
from coronary heart disease typically occurs when an
individual is aged 20 years or younger (25–27).

Dietary management is usually insufficient for
treating children with heterozygous FH and a family
history of premature CHD, and the drug treatment
options are discussed later.

For homozygous FH, current recommendations
and our own experience suggest that LDL-aphaeresis
should be performed as early as the first year of life.
Heterozygotes of FH that fail to respond adequately
to pharmacological treatment are candidates for
LDL-apheresis as well (28).

There are few reports of liver transplantation in
FH patients. As more than 50% of LDL receptors are
located in the liver, liver transplantation has been sug-
gested as a therapeutic option in homozygous FH.
Indeed, liver transplantation reverses the metabolic
defect but it necessitates chronic immunosuppression.
In our opinion, the procedure is indicated if cardiac
transplantation is indicated as well due to ischemic

Figure 4 Uptake of LDL by the LDL receptor and potential defects in fam-

ilial hypercholesterolemia. (A) No LDL receptors are synthesized at all. (B)

LDL receptors are synthesized in the endoplasmic reticulum but fail to

migrate to the Golgi apparatus. (C) Receptors reach the surface of the cell

but fail to bind LDL. (D) The mutation is on the cytoplasmic portion of the

receptor. The receptor binds LDL but fail to internalize into the coated pit.

Receptors cannot recycle after internalization. Abbreviations: LDL, low-den-

sity lipoprotein; ER, endoplasmic reticulum; LDL-R, LDL-receptor.

Figure 5 Homozygous familial hypercholesterolemia. Typical xanthomata

on the knees of a 10-year-old child with homozygous familial hypercholes-

terolemia.
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cardiomyopathy and would be performed simul-
taneously (29).

Gene therapy has been attempted in children
with homozygous FH, but currently is unavailable
worldwide.

Autosomal Recessive Hypercholesterolemia

In this disease, identified in 2001, TC levels approach
those of homozygous FH and are differentiated from
FH by the normal TC levels of the parents (about
2.5-fold elevated in both parents of homozygous
FH). LDL receptor activity is disrupted in liver cells
and not in fibroblasts, suggesting a defect only in
polarized cells (30).

Familial Defective apoB-100

Phenotypically similar to FH, this syndrome results
from a familial defect of apoB-100 at the binding
domain, thus diminishing the binding capacity of
the LDL particle to its receptor. Therefore, in this syn-
drome, elevated LDL-C serum levels occur with an
intact LDL receptor protein and activity. The single
mutation (arg3500gln) in the gene encoding the
apoB-100 protein, decreasing the binding of LDL to
LDL receptors, was the cause for hyperlipidemia in
about 3% of the referrals in pediatric lipid clinics in
France (31).

Familial Combined Hyperlipidemia

Familial combined hyperlipidemia (FCHL) is a com-
mon lipid disorder that occurs in at least 1% of the
population and is found in approximately 10% of
patients with premature CHD. Individuals with
FCHL have elevated TG levels, LDL-C, or both, and
most of the LDL-C is carried in the form of small,
dense particles. There are no clinical stigmata for
FCHL in childhood, and the diagnosis is based on ele-
vated LDL-C, TG, or both in the child and one of
parents (32).

Linkage of FCHL with particular genes or
chromosomal regions has been sought, but to date,
no consensus implicating a common locus has been
obtained. FCHL appears to be a heterogeneous con-
dition associated with several different metabolic
alterations. Obesity and insulin resistance coexist with
FCHL, but it is unclear whether obesity is responsible
for the hypertriglyceridemia observed in FCHL or is a
consequence of the basic metabolic defect (33). It has
been reported that FCHL is the leading cause for
referral to pediatric lipid clinics, but it is unknown
whether most cases are expressed in childhood or
later in life.

Polygenic Hypercholesterolemia

Polygenic hypercholesterolemia is much more com-
mon than FH and is termed polygenic when the
clear pattern of autosomal dominant inheritance
does not exist. Tendon xanthomata do not appear in

polygenic hypercholesterolemia, but corneal arcus
and xanthelesma may appear.

INHERITED HYPERTRIGLYCERIDEMIA

Fasting hypertriglyceridemia is encountered more
and more among children. Obesity, insulin resistance
syndrome, and Type 2 diabetes, with increasing pre-
valence in the pediatric population, are among the
major reasons for fasting hypertriglyceridemia.
Despite that observation, no pediatric NCEP recom-
mendations—neither for the pediatric normal levels
of TG nor pharmacotherapy of hypertriglyceride-
mia—have been published up till now.

Elevated TG levels above 1000 mg/dL can be
part of the hyperchylomicronemia syndrome
(described below), sometimes referred to as Type I
hyperlipidemia. It can be caused by increased IDL
and LDL levels (Type III hyperlipidemia, or familial
dysbetalipoproteinemia, which is rarely seen in chil-
dren and will not be discussed in this chapter), and
in many instances also LDL levels [Type IV hyperlipi-
demia observed in FCHL that was already discussed,
familial hypertriglyceridemia (FHTG), and in diabe-
tes]. Also a combination of increased chylomicrons
and VLDL (Type V hyperlipidemia, usually diag-
nosed by TG levels above 1000 mg/dL), is seen with
diabetes, nephritic syndrome, and subjects with
mildly elevated TG levels after drug exposure, such
as estrogens and alcohol (34).

This chapter describes FHTG and the hyperchy-
lomicronemia syndrome. Since elevated TG in
diabetes and obesity are sensitive to controlling glu-
cose homeostasis and weight reduction, respectively,
these disorders are not discussed in this chapter
despite being one of the most common causes for
hyperlipidemia in children.

Familial Hypertriglyceridemia

The disorder is characterized by elevated TG blood
levels (above 250 mg/dL and usually below
1000 mg/dL) with a family history of elevated TG
blood levels. The prevalence of FHTG in children is
about 1 in 500, and it is usually not associated
with premature CHD. FHTG may be one of the con-
tributing factors to hypertriglyceridemia in children
with additional causes of hypertriglyceridemia (obe-
sity, steroid use, estrogen use, and diabetes). FHTG
is an autosomal dominant disease that is usually not
expressed until adulthood. In adults, FHTG is the
commonest hypertriglyceridemia with an incidence
of nearly 1 in 100 persons in the general adult
population.

Diagnosis is suggested by TG levels above the
90th percentile with normal cholesterol levels. How-
ever, cholesterol levels are mildly elevated in some
cases, and FCHL (described in the hypercholesterole-
mia section of this chapter) should be considered.
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Hyperchylomicronemia

The hallmark of this disorder is an extremely high
level of TG. Congenital deficiency of LPL, apoC-II,
or an LPL inhibitor is responsible for most cases of
hyperchylomicronemia (35). Both LPL and apoC-II
deficiencies are inherited as autosomal recessive
traits. The frequency of either defect is 1 in 1 million
in the general population.

The disease is characterized by TG levels greater
than 1000 mg/dL, organomegaly (uptake of the chylo-
microns by the liver and spleen causes the
characteristic hepatosplenomegaly), eruptive xantho-
mas (yellow orange small papules that appear on
the extensor surfaces of the arms and legs, buttocks,
and back), and lipemia retinalis (retinal vessels have
white/yellowish appearance) (35).

The first clue to the diagnosis is based on the
laboratory report of lipemic serum or plasma speci-
men. Depending on the measurement methods
used, the lipemia may interfere with other laboratory
tests including electrolytes, hepatic enzymes, and
pancreatic amylase levels. The diagnosis of hyperchy-
lomicronemia is easily done even in pediatric wards;
fasting plasma is refrigerated overnight, and while
normally no lipid layer should be present, plasma
from patients with hyperchylomicronemia will have
a typical creamy layer on top.

Definite diagnosis can be achieved by measuring
postheparin lipase activity or detecting the mutation
in the LPL gene. Most patients with LPL deficiency
are diagnosed in the first decade of life, while the
diagnosis of apoC-II deficiency is typically made later
in life (adolescents and adults).

The major risk of the abnormal TG high levels is
the occurrence of acute pancreatitis leading to pancre-
atic insufficiency. The symptoms associated with
pancreatitis are severe abdominal pain, nausea, and
vomiting. In severe hemorrhagic pancreatitis, death
has been reported in adults. However, patients with
hyperchylomicronemia syndrome may report epi-
sodes of mild abdominal pain, years before the
diagnosis. The exact relationship between TG levels
and acute pancreatitis is not known. In animal
models, blood levels above 1000 mg/dL cause pan-
creatitis and, in humans, levels are usually above
2000 mg/dL. However, in our experience, children
with fasting levels below 1000 mg/dL became pancre-
atic insufficient with time, while others maintain
pancreatic function with much higher levels.

The management of the disease is unique and
therefore is described here rather than at the manage-
ment section of this chapter. The most important
treatment is dietary restriction of fat. Restriction of
dietary fat to 15% of the total daily energy intake aids
in controlling the symptoms, prevents pancreatitis,
and reduces TG levels to less than 1000 to 2000 mg/dL.
Medium-chain triglycerides (MCTs) are absorbed
directly to the intestinal capillaries without creation
of chylomicrons and therefore MCT oil can be part of

the fat-restricted diet. Care should be taken of total
calories to maintain adequate growth, as well as intake
of essential fatty acids and fat-soluble vitamins (A, D,
E, and K). Premature CHD is usually not a feature of
hyperchylomicronemia.

INITIAL EVALUATION OF CHILDREN WITH
HYPERLIPIDEMIA
Initial Evaluation of Hypercholesterolemia

This includes a comprehensive family pedigree and
assessment for other risk factors. Lipoprotein profile
of all immediate family members will help in estab-
lishing the mode of inheritance and the etiology (i.e.,
FH vs. FCHL), as well as identifying undiagnosed
family members. Blood chemistry and TSH will ident-
ify most cases of secondary hypercholesterolemia and
are done routinely in our practice, although the cost
effectiveness of such an approach has not been
adequately studied (36).

Noninvasive methods such as ultrasound evalu-
ation of carotid-intima medial thickness (CIMT) or
flow-mediated dilatation (FMD) of arteries are avail-
able mainly as a research tool. Wiegman et al. (37)
have recently assessed 201 children heterozygous for
FH and 80 unaffected siblings (both age ranges 8–18
years) with B-mode ultrasound to measure CIMT.
Mean combined CIMT of heterozygotes was signifi-
cantly greater than that of unaffected siblings. In
that study, a significant deviation in intima-media
thickness was noted from age 12 years in children
with FH. These and other noninvasive tests have the
potential to be used in the future to identify subjects
at risk and monitor the response to drug therapy (38).

Before a dietary intervention, an assessment of
dietary intake as well as a nutrition evaluation is
mandatory.

Initial Evaluation of Hypertriglyceridemia

This includes mainly the identification of secondary
causes for the hyperlipidemia, such as obesity and
diabetes mellitus, as well as other causes listed in
Table 3. Establishing the mode of inheritance as well
as the lipid profile in first-degree relatives will help
in identifying the etiology of primary hypertriglyceri-
demia (FHTG vs. FCHL). In cases with TG above
1000 mg/dL, pancreatic function tests are indicated.
Again, before a dietary intervention, an assessment
of dietary intake as well as a nutrition evaluation
is mandatory.

MANAGEMENT OF CHILDREN WITH
HYPERCHOLESTEROLEMIA
Dietary Management

The goal of dietary treatment is to reduce LDL-C
levels in children and adolescents with elevated
LDL-C blood levels (Table 1) (2,4). The recommended
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initial management to achieve this goal in children is
to institute a ‘‘heart-healthy diet,’’ i.e., one that is low
in cholesterol and saturated fat, high in complex car-
bohydrates, and adequate in energy for growth and
the maintenance of a desirable weight. The AHA Step
I diet is well established for this purpose in adults and
children older than two years (39). In the Step I diet,
no more than 30% of total calories are from fat and
less than 10% of total calories are from saturated fat,
and cholesterol is restricted to 100 mg/1000 kcal, not
to exceed 300 mg/day. Many foods high in cholesterol
are also high in saturated fat. A Step I diet substitutes
foods rich in monounsaturated and polyunsaturated
fats for those rich in saturated fats. The Step I diet
does not mention transunsaturated fatty acids, the
product of commercial hydrogenation of vegetable
oils. These fatty acids increase LDL-C serum levels
and decrease serum HDL-C serum levels (saturated
fats increase both LDL-C and HDL-C serum levels),
and it is reasonable to suggest that their consumption
be limited too (40–42). In the most recent guidelines
published by the AHA (2005), the recommendations
for dietary management of patients older than two
years and their families include daily intake of vegeta-
bles and fruits, reduced saturated and trans fatty acid
intake, increased fiber intake, reduced intake of sugar-
sweetened beverages and foods, reduced salt intake, a
recommendation to eat more fish (increased intake of
O-3 polyunsaturated fatty acids), and to use nonfat or
low-fat milk and dairy products (4). A complete diet-
ary assessment is required to comprehensively
estimate intake of energy and major and minor nutri-
ents. The goal of dietary treatment is to achieve
normal LDL-C blood levels. However, in some cases
this will not be possible. There are multiple reasons
for the failure of dietary intervention; the child may
already consume a reasonably heart-healthy diet, the
elevation may be high enough so that the percent
reduction achieved by dietary modification (typically
no more than 20% and frequently less than 10%) still
may not lower LDL-C to the target goal, and children
with inherited hypercholesterolemia tend to have a
smaller response to dietary modification (43). There-
fore, a more realistic goal for children and
adolescents with a high level of LDL-C is to reduce
the level as much as possible, and to consider percent-
age reduction rather than absolute values. In that
context, trials in adults have demonstrated that the
risk of death from CHD in adults declines by 2% for
every 1 mg% decline in TC levels, and it is reasonable
to assume that diet would have a larger impact in
children.

To confirm the effectiveness of dietary changes,
LDL-C should be checked three to six months after
treatment is started and yearly after that. Because
lowering LDL-C levels reduces the progression of
CHD, the importance of any lowering of LDL-C levels
cannot be overemphasized. Nonetheless, if the Step I
diet does not achieve even the minimal goal, then
the NCEP-recommended dietary approach is for the

trial of a more restrictive diet (Step II), which contains
less than 7% of total calories from saturated fat and
cholesterol less than 75 mg/1000 kcal. Despite the
seemingly modest changes relative to the Step I diet,
there is the potential to develop nutritional deficien-
cies (given a more limited food selection), so that
these patients should be placed on the Step II diet
by someone with considerable nutritional expertise
and closely monitored.

When carefully executed, dietary management
in children is safe and successful (44,45), and even
minor modification may be successful as demon-
strated in a study by Dolores Estévez-González et al.
(46), where isocaloric substitution of whole milk with
low-fat milk containing oleic acid achieved a 7%
decrease in TC, 9% decrease in LDL-C, and 13%
decrease in TG in children aged three to nine years
old.

The effectiveness of dietary treatment is limited
by the concomitant reduction observed in HDL-C
levels and the observation that long-term adherence
is difficult to achieve. Furthermore, at low fat intake,
there is higher carbohydrate intake (up to > 65% of
energy) and there is an increased risk of inadequate
vitamin E, alpha linoleic, and linoleic acid intake.
The role of carbohydrate intake and health in chil-
dren, the development of adult onset disease,
insulin resistance syndrome, obesity, and the potential
value of low glycemic index foods may also play a
role, but these have not been adequately studied in
children.

Other additives to the diet that have been found
to be successful in reducing LDL-C levels are the use
of soluble fiber-like psyllium (not demonstrated in all
studies), and the use of stanol and sterol esters. The
nutritional safety of stanol esters in children is yet to
be determined.

Other risk factors for CHD, such as cigarette
smoking, physical inactivity, and obesity tend to
develop during childhood and adolescence. Recom-
mendations should be made for appropriate lifestyle
modifications such as maintaining a desirable weight,
increasing exercise, reducing sedentary activities (e.g.,
television watching), and stop smoking. Treatment
programs started in childhood improve the long-term
lifestyle adherence and may improve the risk factors
in these families. Involving all family members in
the dietary changes and lifestyle modifications is
important for long-term adherence to these treatment
modalities.

Drug Treatment

The NCEP is the only official body that provided
guidelines for drug therapy in children. It recom-
mended that drug therapy should be considered for
children older than 10 years of age who have had an
adequate trial of dietary treatment for 6 to 12 months
with LDL-C levels remaining above the 99th percen-
tile (LDL-C above 190 mg/dL). In addition, the
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NCEP suggested that drug therapy should be con-
sidered when LDL-C levels remain above the 95th
percentile (LDL-C above 160 mg/dL) in the presence
of a positive family history of premature CHD or if
the child has two or more CHD risk factors [these risk
factors include cigarette smoking, elevated blood
pressure, low HDL-C (lower than 35 mg/dL), severe
obesity (above 30% overweight), diabetes mellitus,
and physical inactivity]. Other candidates for drug
therapy include children with renal disease and
hyperlipidemia post organ transplantation.

The only class of drugs that has recommended
for children and adolescents at that time was the bile
salt sequestrants (cholestyramine). These bile acid–
binding resins bind bile salts and increase fecal
excretion. The decreased intestinal bile salts available
for absorption decrease cholesterol absorption. The
reduced cholesterol absorption results also in an
increased hepatic LDL receptor activity (resulting in
lower LDL-C blood levels), due to the increased hep-
atic needs for cholesterol to replace the bile salts lost
from the enterohepatic circulation. These drugs are
not absorbed by the intestine, they lack systemic tox-
icity, and their usage is considered safe for children
and adolescents. A packet of cholestyramine contains
4 g of the resin. It is recommended that cholestyra-
mine be started at 2 g twice a day with the two
major meals for maximal effect. The NCEP and others
have suggested that the maximal dose of cholestyra-
mine is 16 g/day. However, doses up to 8 g of
cholestyramine per day provide the greatest choles-
terol reduction, and larger doses increase the
prevalence of side effects without a further significant
reduction in LDL-C blood levels. In children, choles-
tyramine reduces LDL-C levels by more than 15%
but compliance appears to be a major problem.
Despite the lack of systemic effects, nausea, epigastric
fullness, bloating, flatulence, and constipation are
frequently seen and more than 50% of children
discontinue the medication after less than one
year (47).

Our experience demonstrated that about 60% of
the children stop taking the medication within 24
months, usually because of bad taste, in agreement
with the findings of others. Mixing the resin with cold
juice, the use of a straw, and taking the resin at the end
of the meal may improve compliance. Since fat-soluble
vitamins and folic acid absorption may be impaired,
their supplementation is recommended. Other medi-
cations should be taken one hour before or four
hours after the resin, and it should be kept in mind that
obese children and children with FCHL may respond
with a significant elevation of blood levels of TGs.

The goal of drug therapy is similar to the dietary
goals of achieving normal LDL-C levels. However, it
is important to emphasize that the percentage of
reduction in LDL-C is more important than the absol-
ute blood level achieved, and that normal blood levels
cannot be expected in children with LDL-C in the
drug therapy–recommended range.

Another inhibitor of cholesterol absorption is
ezetimibe, but at the time of the writing of this chapter,
studies in children are scarce. In adults with hetero-
zygous FH, ezetimibe (10 mg/day) reduces the
fractional cholesterol absorption by 54%, with a 15%
to 20% reduction in LDL-C serum levels (48). It is of
note that the reduction in cholesterol absorption is fol-
lowed by increased cholesterol synthesis, suggesting
the combined need of cholesterol synthesis inhibitors.

Other than cholestyramine, all drugs are
absorbed and have systemic effects. Nicotinic acid
has been used successfully alone or in combination
to treat childhood hypercholesterolemia. However,
nicotinic acid causes side effects in a significant per-
centage of children (especially flushing and liver
enzyme abnormalities). We do not recommend the
use of nicotinic acid and when drug therapy other
than cholestyramine is considered, the next step is
the usage of HMG-CoA inhibitors (statins). These drugs
inhibit the major step in cholesterol synthesis and
cause a significant reduction in LDL-C, a modest
decrease in blood levels of TGs, and slightly increased
blood levels of HDL-C. In adults, these drugs have
proven successful in both secondary and primary pre-
vention of CHD. In children, short-term treatment
with various statins reduce LDL-C blood by an aver-
age of 40% (49–51) and seems to attenuate the
atherosclerotic process as demonstrated by improved
FMD in children with heterozygous FH to levels
observed in control children (52).

The treatment is safe and elevations of liver
enzyme levels and creatine kinase are uncommon,
and growth, hormonal, and nutritional status are not
impaired during adolescence. The role of statins in
adolescent females (after menarche) is currently being
investigated, and studies of newer, more-potent sta-
tins are in preparation (53–55).

Drug treatment is a commitment for life. Since
long-term safety and efficacy of the HMG-CoA
reductase inhibitors is limited to a few years, it is our
practice to offer statin treatment only to children with
LDL-C levels above 200 to 250 mg/dL or to those chil-
dren who lost a parent due to premature CHD before
his/her 40th birthday. Combination of cholestyramine
and statins will further decrease LDL-C levels, and as
practiced in adults, we believe that the combination of
ezetimibe and statins demonstrated to have additive
effect in adults will be properly studied in children.

MANAGEMENT OF CHILDREN WITH
HYPERTRIGLYCERIDEMIA

In the majority of children with hypertriglyceridemia,
obesity or diabetes is the reason for elevated TG blood
levels, and the primary cause should be the focus of
the treatment efforts. The basis for treatment includes
increased exercise, reduced caloric intake, and avoid-
ing alcohol. Fish oil has been shown to have a
significant effect on blood TG levels, but the effect is
usually modest.
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Although some advocate drug therapy in chil-
dren with serum TG levels of 400 to 500 mg/dL, we
believe that the use of drugs should be limited to chil-
dren at risk for acute pancreatitis (TG serum levels
above 1000 mg/dL).

Specific drugs include fibric acid derivatives.
Fibrates inhibit lipoprotein production and increase
their clearance. No data exist on safety and effective-
ness of fibric acid derivatives in pediatric patients
and there are no US Food and Drug Administra-
tion–approved doses of fibric acid derivatives in
children. We have limited experience in children with
severe hypertriglyceridemia with the use of bezafi-
brate in a dose of 5 to 10 mg/kg and up to 20 mg/kg
in unresponsive children, without major adverse reac-
tions. Potential side effects of fibrates are hepatic
toxicity and muscle injury (myalgia, myopathy, and
rhabdomyolysis).

CONCLUSIONS

Atherosclerosis begins in childhood, and therefore
efforts to reduce the burden of risk factors should start
at the same age range.

In adults, substantial amount of information is
now available regarding the target levels for LDL-C
(56) and HDL-C levels (57), and recommendations
have been made to aggressively reduce these blood
levels through lifestyle changes with diet and exercise
and, if needed, with drugs such as statins (58–60). Sta-
tins reduce the five-year incidence of major coronary
events at any given LDL-C level, and their efficacy
is correlated with the percent reduction of LDL rather
than the initial level (61).

In children, however, there is insufficient data to
suggest such an aggressive approach, and until such
data become available, we should focus on lifestyle
modifications including the dietary modifications
suggested above, daily exercise, reduced television,
video games, and computer time, and avoidance of
smoking. In addition, we should focus on identifying
the true impact of preventive measures, such as breast
feeding on hyperlipidemia, obesity, and CHD, and
define the optimal dietary measures taking into
account individual differences as well as the true
effect of fat, protein and carbohydrate amount, not
only on lipid levels but also on cardiovascular risks
such as obesity and diabetes.

Finally, it is reasonable to believe that when data
on the long-term efficacy and safety of drugs become
available and is not limited to a few years, indications
for drug therapy may include lower levels of LDL
than currently suggested. Until such data become
available, physicians should prescribe statins to chil-
dren only when a premature CHD seems inevitable
without such an intervention, and avoid using life-
long treatment with drugs based on target LDL
levels as suggested in adults.
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INTRODUCTION

Glucose is normally the predominant fuel for
mammalian cells. Because the brain cannot synthesize
glucose, nor store more than a few minutes supply
as glycogen, survival of the brain depends on a
continuous supply of glucose (1). Recurrent hypogly-
cemia during the period of rapid brain growth and
differentiation in infancy can result in long-term neu-
rologic sequelae, psychomotor retardation, and
seizures (2). Prevention of hypoglycemia and expedi-
tious diagnosis and vigorous treatment is essential to
prevent the potentially devastating cerebral conse-
quences of hypoglycemia.

Hypoglycemia is most common in the newborn
period. Transient disturbances in neonatal glucose
homeostasis are common in the first few days of life,
especially where metabolic reserves are low, as in
prematurity and intrauterine growth retardation or
when energy expenditure is high, as in sepsis, birth
asphyxia, and hypothermia (3). Basal energy needs
during infancy are high. The ratio of surface area to
body mass of a full-term newborn baby is more than
twice that of an average adult, necessitating a high
rate of energy expenditure to maintain body tempera-
ture. Also, the infant brain is large relative to body
mass, and its energy requirement is primarily derived
from the oxidation of circulating glucose. To meet the
high demand for glucose, the rate of glucose produc-
tion in infants and young children is two to three
times that of older children and mature adults (4).
Although the demand for glucose is high, the activity
of several liver enzymes involved in glucose produc-
tion is low in the newborn compared to older
children and adults (3). In particular, glucose-6-
phosphatase activity is diminished in preterm infants
(5), and almost one-third of preterm infants at 37
weeks gestation do not have a normal glycemic
response to glucagon (6). As a result of these factors,

if a feed is delayed, 20% of preterm infants develop
hypoglycemia at the time of discharge (7). Until
feeding is well established, maintenance of glucose
homeostasis in the newborn period is more precarious
than later in childhood.

In the postabsorptive state, the rate of glucose
turnover in adults is approximately 2 mg/kg/minute
(8–10 g/hour); whereas, the average basal (4–6 hours
after feeding) rate of glucose turnover is 6 mg/kg/
minute in newborns, approximately three times the
adult rate (4). During prolonged fasting, infants and
children cannot sustain the high rate of glucose pro-
duction. Normal children, 18 months to 9 years of
age, who fasted for 24 hours have a mean blood
glucose concentration of 52� 14 (SD) mg/dL, and
22% have blood glucose concentrations less than
40 mg/dL; blood glucose values conform to a Gaussian
pattern of distribution (8). For these reasons, infants
and young children are more prone to develop hypo-
glycemia than adolescents and adults when normal
feeding patterns are disturbed by intercurrent illness.

DEFINITION OF HYPOGLYCEMIA

During acute insulin-induced hypoglycemia in nor-
mal adults, symptoms occur at an arterialized
venous plasma glucose level of approximately
60 mg/dL (3.3 mmol/L), and impaired brain function
occurs at approximately 50 mg/dL (2.8 mmol/L)
(9,10). Comparable levels in venous blood are about
3 mg/dL lower (11). In children, functional changes
in the central nervous system (brain stem auditory
and somatosensory evoked potentials) occur when
the venous plasma glucose concentration decreases
below 47 mg/dL (2.6 mmol/L) (12). These data
suggest that the physiologic threshold is a plasma glu-
cose concentration in the range of 50 to 60 mg/dL
(2.8–3.3 mmol/L). Therefore, for clinical care of
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children, a venous plasma glucose concentration of
60 mg/dL (3.3 mmol/L) or greater may be regarded
as normoglycemia, and plasma glucose levels below
50 mg/dL (2.8 mmol/L) as hypoglycemia.

AN OVERVIEW OF FUEL METABOLISM

The physiological mechanisms that normally prevent
hypoglycemia ensure that the brain receives a contin-
uous supply of glucose (13). Several tissue-specific
glucose transport proteins are responsible for the
transport of glucose from the extracellular to the intra-
cellular space (Table 1). GLUT-1 and GLUT-3
transporters are found on most cells and are primarily
responsible for basal glucose use by the brain and
most other body tissues (14,15). Both GLUT-1 (on
glial cells) and GLUT-3 (on neuronal cells) (16) are
insulin-independent facilitative glucose transporters.
Blood-to-brain glucose transport is a function of the
arterial plasma glucose concentration. The supply of
glucose to the brain, therefore, is dependent on the
precise regulation of systemic glucose balance that
maintains the arterial plasma glucose concentration
above the critical level that becomes limiting to brain
glucose metabolism. None of the glucoregulatory
factors, including insulin, modify glucose uptake into
the brain. However, chronic exposure to cerebral
hypoglycemia results in up-regulation of both these
transporters (17–19).

Most body tissues, with the exception of the brain,
can use free fatty acids (FFAs) for oxidative metabolism.
The heart preferentially uses FFA as an energy source,
and skeletal muscle depends upon FFA for energy pro-
duction during exercise. Under conditions of fasting,
the plasma FFA concentration increases and the uptake
and oxidation of glucose decreases. The high rate of
tissue oxidation of FFA decreases the use of glucose in
accordance with Randle’s hypothesis (the glucose-fatty
acid cycle) (20). Although FFA are not transported
across the blood–brain barrier, b-hydroxybutyrate
(BOHB) and acetoacetate, the water soluble products
of hepatic b-oxidation of FFA, readily cross the blood–
brain barrier (21–23).

In the interval between meals and during fasting,
maintenance of normal plasma glucose concentrations

requires: (i) adequate endogenous substrate (body fat,
hepatic and muscle glycogen, and mobilizing amino
acids); (ii) intact metabolic and enzymatic pathways;
(iii) proper hormonal regulation of the mobilization,
interconversion, and use of metabolic fuels. An
abnormality in any one of these areas may compro-
mise the homeostatic mechanisms that balance the
rate of appearance and disposal of glucose that main-
tains the plasma glucose concentration in a narrow
normal range (24). Glucose is derived from intestinal
absorption following digestion of dietary carbohy-
drate (exogenous glucose delivery) or from
endogenous glucose production (glycogenolysis and
gluconeogenesis). Gluconeogenesis refers to the for-
mation of glucose from three carbon precursors,
including lactate, pyruvate, amino acids (especially
alanine and glutamine), and glycerol. The integrated
regulatory effects of hormones, neural pathways, and
metabolic substrates normally result in the precise
matching of glucose utilization and the sum
of exogenous glucose delivery and endogenous
glucose production. The key glucoregulatory
hormones are insulin, glucagon, and epinephrine.
Growth hormone (GH) and cortisol modify the effec-
tiveness of these glucoregulatory hormones.

After feeding, glucose absorption from the
intestine into the portal circulation occurs via a
sodium-dependent transport mechanism. Glucose is
then transported into both the liver and pancreas by
GLUT-2 transporters (14,15). Unlike the other glucose
transporters whose primary function is to deliver
glucose into cells for energy production or storage,
GLUT-2 is central to the regulation of glucose home-
ostasis. It is insulin-independent and has a high Km.
Glucose uptake in the liver and pancreas occurs at a
rate determined by the plasma glucose concentration,
which reflects the carbohydrate content of ingested
food and the rate of gastric emptying. Increased
plasma insulin levels suppress endogenous glu-
cose production, increase translocation of GLUT-4
transporters in fat and muscle from their intracellular
location to the cell membrane, and stimulate glycogen
synthesis in muscle and the liver (Table 1). Meta-
bolism of dietary carbohydrate leads to increased
cytosolic malonyl coenzyme A (CoA) levels, which

Table 1 Tissue-Specific Glucose Transporters

Glucose

transporter Distribution Principal function

Km for glucose

(mmol/L) Gene location Regulation

GLUT-1 Wide distribution, brain glial cells,

erythrocytes, endothelial cells

Constitutive glucose

transporter

20 1p35-p31.3 Minimal

GLUT-2 Liver, pancreatic b cells, small intestinal

epithelium, kidney

Glucose-sensing in b cells 42 3q26 Zero to minimal

GLUT-3 Wide distribution, CNS neurons, fetal muscle,

placenta, kidney

High-affinity glucose

transporter

10 12p13 None

GLUT-4 Skeletal muscle, cardiac muscle, adipose

cells

Insulin responsive glucose

transporter

2–10 17p13 Regulated by insulin

GLUT-5 Liver, small intestine, sperm, adipose cells,

brain, muscle

Fructose transporter; very low

affinity for glucose

Not defined 1p31 None
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inhibit activity of carnitine palmitoyltransferase-I
(CPT-I) and diverts fatty acids away from oxidation
in peripheral tissues and from b-oxidation and
ketogenesis in the liver (25–27). A reduction in
b-oxidation also results in decreased production of
reduced nucleotides, which are necessary for gluco-
neogenesis. With decreased circulating plasma
concentrations of FFA and ketone bodies, and
increased concentrations of glucose and insulin,
GLUT-1, GLUT-3, and GLUT-4 transporters efficiently
move glucose out of the circulation and into cells.

Despite a substantial increase in glucose influx
into the circulation, the increase in plasma glucose
concentration is relatively small after a meal, and
plasma glucose and insulin concentrations return to
basal levels within two to three hours. In healthy chil-
dren (9–17 years old), venous serum glucose levels
fluctuate between approximately 60 and 140 mg/dL
(28). When nutrient absorption is complete, flow of
glucose from the gut decreases and eventually stops.
Plasma glucose concentration frequently decreases
to below the premeal value. The relative hypoglyce-
mia, together with the decrease in insulin secretion,
triggers release of glucagon, which increases hepatic
glucose production (29,30). The transition from endo-
genous glucose production to exogenous glucose
delivery shortly after a meal and the later transition
from exogenous glucose delivery back to endogenous
glucose production are finely regulated (29,30). Hypo-
glycemia normally does not occur in the interval
between meals, and glucose delivery to the brain con-
tinues unabated (Fig. 1A).

Most of the glucose in the body is normally in
the extracellular space; the intracellular glucose
concentration is low because glucose is rapidly phos-
phorylated when it enters cells. The extracellular
space is approximately 25% of body weight in children
and adolescents. The total glucose present in a person
with a plasma glucose concentration of 90 mg/dL is
225 mg/kg (1.25 mmol/kg) of body weight. This
is equivalent to approximately 5% of a teaspoon of
glucose per kilogram of body weight. Thus, the total
pool size of a 10-year-old child (30 kg) is approxi-
mately 6.75 g of glucose (24), enough to meet the
basal needs of the child for approximately 45 minutes.
Thus, endogenous glucose production is critical to pre-
vent hypoglycemia. The amount of glycogen stored in
the liver is modest—approximately 5% of the wet
weight of the liver. In the example of a 10-year-old
child, there is about 45 g of glycogen in the liver, which
could, theoretically, satisfy the child’s basal glucose
requirement for only five to six hours. Thus, gluconeo-
genesis soon plays a major role in maintaining normal
blood glucose concentrations (Fig. 1B).

Both the liver and kidney express the critical
gluconeogenic enzymes: pyruvate carboxylase,
phosphoenolpyruvate carboxykinase (PEPCK), fruc-
tose-1,6-bisphosphatase, and glucose-6-phosphatase.
Although many tissues are able to convert oxaloace-
tate to glucose-6-phosphate and glycogen, only the
liver and kidney (owing to the presence of the
glucose-6-phosphatase system) release glucose into
the circulation. In adults, 40% to 50% of glucose is
derived from gluconeogenesis in the postabsorptive

Figure 1 (A) Between meals: glucose is from hepatic glycogenolysis; free fatty acids from adipose tissue are an additional source of fuel for muscle. (B)

Overnight fast: liver glycogen is depleted and gluconeogenesis becomes the principal source of glucose. Hepatic ketone production increases and rising plasma

ketone body concentrations provide an alternative fuel for brain and muscle. (C) Prolonged starvation: fat-derived fuels are the predominant metabolic sub-

strates. Brain utilization of ketones increases. Glucose is from gluconeogenesis.
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state (after an overnight fast), and this increases to
approximately 90% after fasting for 48 to 72 hours
(31–33). In children and adolescents, the fraction of
glucose production from gluconeogenesis after an
overnight fast is of the order of 50% to 60% (Fig. 1B)
(34); however, the precise fraction of glucose derived
from glycogenolysis, as opposed to gluconeogenesis,
at any point in time during more prolonged periods
of fasting is unknown.

Whereas muscle, which lacks glucose-6-
phosphatase, cannot release glucose directly into the
circulation, it does indirectly contribute to the mainte-
nance of plasma glucose concentrations during
periods of fasting. In muscle, glycogen is metabolized
via glycolysis to pyruvate, which can be reduced to
lactate, transaminated to form alanine, or undergo oxi-
dation. Lactate and pyruvate released from muscle are
transported to the liver and serve as gluconeogenic
precursors (the Cori or glucose-lactate-glucose cycle).
Alanine, glutamine, and other amino acids also flow
from muscle to the liver and serve as gluconeogenic
precursors (35). The availability of other fuels (FFA
and ketones) for oxidation in muscle affects the
activity of pyruvate dehydrogenase and determines
whether glucose is completely oxidized to carbon
dioxide and water, or is conserved by recycling lactate,
pyruvate, and alanine back to glucose in the liver
(glucose-lactate-glucose and glucose-alanine-glucose
cycles). In addition to releasing precursors for gluco-
neogenesis during fasting, muscle oxidizes fatty
acids and ketones to meet its own energy needs,
thereby conserving glucose.

Over periods of more prolonged fasting, fatty
acid oxidation becomes the predominant source of
fuel accounting for almost 80% of the body’s energy
source. FFA are released from adipose tissue stores
by lipolysis (36,37). FFA provide many tissues (includ-
ing cardiac and skeletal muscle) with a readily usable
energy substrate. A fraction of the FFA undergoes
b-oxidation in the liver to form ketone bodies (Fig.
1B,C). High rates of ketone body production are
rapidly reached during fasting in children. After fast-
ing for 20 to 22 hours, the ketone body turnover rate
in young children is comparable to that achieved by
adults fasted for several days (38). During fasting,
plasma concentrations of ketone bodies increase dra-
matically reflecting increased plasma concentrations
of FFA and rates of b-oxidation in the liver
(36,37,39). Within 30 hours of fasting, normal children
achieve plasma total ketone body concentrations of
5 to 6 mmol/L, levels that are seen in adult women
after fasting for 2.5 to 3 days, and are not achieved
in men even after 84 hours of fasting (39). During pro-
longed fasting, ketone bodies are the predominant
fuel for the brain (which cannot utilize FFA) and
may even be more rapidly incorporated into amino
acids by the brain than glucose (21,22,40). Normally,
the large amounts of ketones generated during fasting
results in a decrease in the brain’s rate of glucose con-
sumption. In vitro studies in rats have demonstrated

that the use of ketones can decrease brain glucose
utilization by approximately 50%. Evidence in
humans is consistent with these data (41,42).

Prolonged fasting ultimately leads to a decrease
to about one-half in the basal rate of glucose turnover,
resulting in a gradual decrease in the plasma glucose
concentration (43). These metabolic responses to
fasting (increased gluconeogenesis, lipolysis, and
ketogenesis) are finely regulated by changes in the
circulating concentrations of hormones, including
decreased insulin secretion and increased plasma
concentrations of glucagon, epinephrine, GH, and
cortisol, the latter collectively referred to as the coun-
terregulatory hormones.

In summary, the adaptation to fasting involves a
major change in the body’s fuel economy. As fasting is
prolonged, there is decreased dependence on glucose
and increased reliance on the products of fat as the
primary source of fuel for energy metabolism
(Fig. 1C). A failure to oxidize fatty acids or to synthe-
size or utilize ketones results in greater utilization of
glucose, impaired gluconeogenesis, and inability to
conserve glucose, which leads to severe hypoglyce-
mia. Examples of these disorders are discussed in
detail later.

REGULATION OF INSULIN SECRETION

Insulin secretion is regulated by nutritional, hormo-
nal, metabolic, and autonomic nervous system
signals that are transduced by a complex system
involving cellular glucose metabolism, depolarization
of the cell membrane, regulation of free intracellular
cytosolic calcium concentration, and movement of
insulin-containing secretory granules to fuse with
the plasma membrane to release their contents
(Fig. 2) (44). ATP-sensitive potassium channels (KATP

channels) in the plasma membrane, which control
the polarity of the b-cell membrane, have a pivotal
role in regulating insulin secretion. They are formed
from two distinct subunit proteins—the high-affinity
sulphonylurea receptor (SUR1) and Kir6.2, a weak
inward-rectifier (45–47). The channel’s pore is formed
by Kir6.2 in a tetrameric arrangement. At rest, KATP

channels are normally kept open maintaining a mem-
brane potential of about –70 mV. A rise in blood
glucose concentration increases glucose entry into
the cell (via GLUT-2 transport), and the rate of glucose
metabolism increases in the b-cell. Intracellular
glucose is phosphorylated by glucokinase, the rate-
limiting step in glucose metabolism (Fig. 2) (48), and
is then metabolized resulting in an increased ratio of
ATP:ADP, which leads to closure of the KATP

channels, depolarization of the b-cell membrane,
and opening of voltage-dependent L-type calcium
channels with influx of extracellular calcium. The
increase in cytosolic-free calcium concentration
triggers exocytosis of insulin-containing secretory
granules (49).
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SUR1 encodes for a 39 exon gene with 17 trans-
membrane domains and produces a 1581 amino acid
product; Kir6.2 encodes for a 390 amino acid protein.
These genes are located on adjacent regions of
chromosome 11p15.1. The SUR protein forms an octa-
meric complex with four SUR1 subunits surrounding
four Kir6.2 centrally located channels. ATP acts
directly on Kir6.2 resulting in closure of the channel,
whereas ADP antagonizes the effect via the SUR
receptor. Both SUR1 and Kir6.2 are required for the
potassium channel to be membrane-bound and func-
tional. Mutations that alter the function of KATP

channels (see below) lead to continued membrane
depolarization and dysregulation of the voltage-
dependent calcium channels resulting in uncoupling
of insulin secretion from glucose metabolism and con-
genital hyperinsulinism (50). A constitutive increase
in glucokinase activity causes an autosomal dominant
form of hyperinsulinism (51–54); whereas decreased
glucokinase activity causes an unusual form of matur-
ity onset diabetes in youth characterized by decreased
insulin secretion at normal plasma glucose concentra-
tions (55).

CLINICAL MANIFESTATIONS OF HYPOGLYCEMIA

The symptoms of hypoglycemia are not specific.
Therefore, when a patient’s symptoms are suspected
to be caused by hypoglycemia, it is essential to mea-
sure the blood glucose concentration, confirm that it
is low, and demonstrate that administration of glucose
promptly relieves the symptoms.

The symptoms of hypoglycemia (Table 2) are
classified into two major categories based on the

mechanism responsible for their generation: auto-
nomic symptoms result from activation of the
autonomic nervous system (both sympathetic and
parasympathetic divisions); neuroglycopenic symp-
toms result from the effects of brain glucose
deprivation. Symptoms tend to be most severe when
hypoglycemia is caused by hyperinsulinism, which
prevents formation of alternative fuels (FFA, ketones).
Up-regulation of cerebral glucose transporters in
response to chronic or recurrent hypoglycemia attenu-
ates clinical symptoms and blunts hypoglycemia
awareness in all forms of hypoglycemia (56–58). In
newborn babies and infants, hypoglycemia typically
manifests as irritability, tremors, feeding difficulty,
lethargy, hypotonia, tachypnea, cyanosis, or apnea.
Hypoglycemia in this age group is discussed in

Table 2 Signs and Symptoms of Hypoglycemia

Autonomic Neuroglycopenic

Sweating Warmth

Hunger Fatigue

Paresthesias

(tingling, numbness)

Weakness

Tremors
Dizziness

Pallor
Headache

Anxiety
Inability to concentrate

Nausea
Drowsiness

Palpitations
Blurred vision

Difficulty speaking

Confusion

Bizarre behavior

Loss of coordination

Difficulty walking

Coma

Seizures

Figure 2 Model of insulin secretion regulation

by pancreatic b-cell. Glucose is transported into

the b-cell by GLUT-2 and then phosphorylated by

glucokinase to glucose-6-phosphate (G-6-P).

Glucose metabolism is initiated resulting in an

increase in the cytosolic ratio of ATP:ADP, which

causes closure of KATP channels and leads to

membrane depolarization and opening of

voltage-dependent Ca2þ channels. Influx of cal-

cium releases insulin through exocytosis of

secretory granules. Leucine stimulates insulin

release by allosterically activating glutamate

dehydrogenase, increasing glutamate oxidation,

which increases the ATP:ADP ratio and closes

KATP channels.

Chapter 15: Hypoglycemia in Children 295



Vol. 1; Chap. 16. The symptoms of hypoglycemia in
children are similar to those in adults.

CAUSES OF HYPOGLYCEMIA IN INFANTS
AND CHILDREN

The most common cause of hypoglycemia in children
and adolescents is insulin-induced hypoglycemia in
individuals with Type 1 diabetes mellitus. This topic
is discussed later in the section Hypoglycemia and
Diabetes Mellitus. Almost all cases of hypoglycemia
fall into one of the five major categories listed in
Table 3. Endocrinologic disorders (and particularly
hyperinsulinism) are the predominant causes of
recurrent or persistent hypoglycemia in the newborn
period. In older infants and toddlers, metabolic
abnormalities account for most cases of hypoglycemia,
and endocrinopathies are relatively uncommon in this
age group.

Accelerated Starvation (Idiopathic Ketotic
Hypoglycemia; Transient Intolerance of Fasting)

This is the most common noniatrogenic cause of
hypoglycemia in children beyond infancy. For more
than 40 years, this entity has been referred to as keto-
tic hypoglycemia (67). Affected children have a
characteristic clinical presentation, but it is still
unclear whether this is a specific disorder, a common
phenotype shared by several disorders, or even a
pathologic entity (68). Despite extensive endocri-
nologic and metabolic investigation, a satisfactory
explanation for the hypoglycemia cannot be found
in children labeled as having ketotic hypoglycemia.

Hypoglycemia typically first occurs between 18
months and five years of age and remits sponta-
neously by eight or nine years of age. Many children
with accelerated starvation are small and thin for their
age and have decreased muscle mass. Many were
born small for gestational age and may have had tran-
sient neonatal hypoglycemia. Hypoglycemia typically
occurs during periods of intercurrent illness when
food intake is limited by anorexia or vomiting, and
occurs in the morning before breakfast (67,69,70).
Manifestations include neurologic symptoms ranging
from lethargy to seizures and coma. Sometimes, hypo-
glycemia occurs in the morning after unusually
intense physical exertion on the previous day or after
the child has eaten poorly or completely omitted an
evening meal.

The precise pathophysiologic cause of acceler-
ated starvation is unclear. Because serum alanine
levels are low at the time of hypoglycemia, deficient
availability of gluconeogenic substrate, especially ala-
nine from muscle, has been thought to be the cause of
hypoglycemia (71). The gluconeogenic pathway is
intact, and the serum glucose concentration increases
appropriately when alanine is infused at the time of
hypoglycemia (72,73). The cause of the hypoalanine-
mia, however, is controversial (74). It may be the

result of a specific defect in protein catabolism or
reflect decreased muscle mass. An alternative expla-
nation is that hypoalaninemia is a consequence of
decreased muscle glucose uptake in response to
decreasing plasma glucose concentrations and
increased levels of FFA and ketone bodies, which inhi-
bit release of alanine from skeletal muscle (75,76). This
would affect flux through the glucose-alanine-glucose
cycle (74). The plasma epinephrine response to hypo-
glycemia is reduced in about half the patients with
ketotic hypoglycemia (77). It has been suggested that
these children may have a deficient catecholamine
response to hypoglycemia that results in increased

Table 3 Causes of Hypoglycemia in Children

Accelerated starvation (ketotic hypoglycemia)

Hyperinsulinism
Congenital hyperinsulinism; persistent hereditary

hyperinsulinemia of infancy

Insulinoma

Beckwith-Wiedemann syndrome (59–61)

Insulin autoimmunity

Sulfonylurea ingestion

Factitious

Hormone deficiency
ACTH/cortisol

GH

Hypopituitarism (ACTH/cortisol and GH)

Metabolic disorders
Disorders of carbohydrate metabolism

Glycogen synthetase deficiency (type 0 glycogen storage disease)

Glucose-6-phosphatase deficiency (Type I glycogen storage disease)

Amylo-1,6-glucosidase deficiency (Type III glycogen storage disease)

Phosphorylase deficiency (Type VI glycogen storage disease)

Phosphorylase kinase deficiency (Type IX glycogen storage disease)

Galactose-1-phosphate uridyltransferase deficiency (galactosemia)

Fructose-1-phosphate aldolase deficiency (fructose intolerance)

Defects in gluconeogenesis

Pyruvate carboxylase deficiency

Phosphoenolpyruvate carboxykinase deficiency

Fructose-1,6-bisphosphatase deficiency

Disorders of fatty acid oxidation and ketone synthesis
Carnitine transport and metabolism

b-oxidation cycle

Electron transfer

Hydroxymethylglutaryl CoA synthase deficiency

Hydroxymethylglutaryl CoA lyase deficiency

Disorders of protein metabolism
Maple syrup urine disease (branched-chain ketoacid

decarboxylase deficiency)

Methylmalonic acidemia

Tyrosinemia

Miscellaneous

Nonpancreatic tumor hypoglycemia (IGF-II) (62,63)

Salicylate intoxication

Reye syndrome

Ethanol intoxication

Malaria

Diarrhea

Malnutrition

Jamaican vomiting sickness (ingestion of unripe ackee)

Reactive hypoglycemia (dumping syndrome) (64–66)

Carbohydrate-deficient glycoprotein syndrome

Respiratory chain defects

Abbreviations: GH, growth hormone; CoA, coenzyme A.
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glucose utilization; however, this conclusion is now
suspect in light of new knowledge that recent
antecedent hypoglycemia elevates the threshold for
autonomic, including epinephrine, and symptomatic
responses to subsequent hypoglycemia in healthy
individuals (78–81).

After 8 to 16 hours, children with accelerated
starvation show the same metabolic pattern as normal
healthy children fasted for 24 to 36 hours. In many
instances, the distinction between accelerated starva-
tion and the normal response to fasting is unclear (82).
Because approximately one-fourth of normal children
develop hypoglycemia after a fast of 24 to 36 hours
duration (8), accelerated starvation may not be a
distinct pathological disorder. Rather, it may be one
end of the spectrum of the normal child’s response
to starvation (68,83).

Diagnosis: Because ketosis (and ketonuria) is a
normal response to fasting and a falling plasma
glucose concentration, ketotic hypoglycemia should
not be regarded as a specific diagnosis. The differen-
tial diagnosis of the hypoglycemic child with an
appropriately suppressed serum insulin concentra-
tion and ketosis is shown in Table 4. Accelerated
starvation is a diagnosis of exclusion that should only
be made when the other causes of ‘‘ketotic hypoglyce-
mia’’ have been considered. In particular, glycogen
storage disease (GSD) type 0, GSD IX, and short–chain
fatty acid oxidation defects should be considered
because they typically present with fasting hyperketo-
nemia and hypoglycemia (86).

Children with accelerated starvation typically
become hypoglycemic in 12 to 24 hours and have a
normal metabolic and hormonal response to fasting.
At the time of hypoglycemia, blood ketone body
concentrations are raised, there is ketonuria, plasma
alanine concentration is low, and blood lactate and
pyruvate levels are normal (73). Plasma insulin levels
are appropriately suppressed, and the concentrations
of counterregulatory hormones are increased

(72,73,83). The glycemic response to glucagon
(0.03 mg/kg IM or intravenous (IV); maximum 1 mg)
is normal in the fed state, but blunted at the time of
hypoglycemia.

Treatment consists of educating parents to ensure
that the child avoids prolonged periods of fasting. A
bedtime snack consisting of both carbohydrate and
protein prevents further episodes of hypoglycemia.
During intercurrent illness, carbohydrate-rich drinks
at frequent intervals during both the day and night
can prevent hypoglycemia. Alternatively, uncooked
cornstarch (1 g/kg) in milk given at bedtime can be
used to provide a source of slowly absorbed glucose.
Parents are instructed to test urine for ketones during
intercurrent illnesses. The appearance of ketonuria
precedes the onset of hypoglycemia by several hours.
When monitoring urine ketones is problematic due to
dehydration or the child’s age, a blood ketone meter
(Precision Xtra1; Abbott Laboratories, Inc.) can be
used to accurately measure blood BOHB concentration
on a drop of blood (87). This is a useful alternative
method of monitoring the development of ketosis dur-
ing periods of illness or poor food intake in the child
with ketotic hypoglycemia. Once ketosis is present,
the child must consume adequate amounts of oral
carbohydrate and, if this cannot be tolerated, IV glu-
cose is necessary to avert the development of
hypoglycemia.

Hyperinsulinism

Hyperinsulinism is the most common cause of
persistent hypoglycemia in infants and young children.
Islet cell adenomas are rare in children less than one
year of age. Hyperinsulinism that presents in an older
child is more likely to be caused by an insulinoma or by
exogenous insulin administration (factitious hypogly-
cemia) (88,89) or sulfonylurea ingestion (90,91).

In the past decade, considerable progress has
been made toward elucidating the pathophysiology
of the heterogeneous disorders that cause hyperinsu-
linemic hypoglycemia (50,92–94). Several distinct
genetic forms of congenital hyperinsulinism have
been described (95–97). The most common variety is
an autosomal recessive defect caused by either homo-
zygous mutations in the SUR1 gene (ABCC8) (98,99)
or in the Kir6.2 gene (KCNJ11) (100,101). Both genes
encode components of the KATP channel involved in
glucose-regulated insulin release, and mutations in
these genes result in uncoupling of insulin secretion
from glucose metabolism. To date, more than 100
mutations have been described in the SUR1 gene
and several mutations have been identified in the
Kir6.2 gene (50).

The principal clinical and biochemical features
of hyperinsulinemic hypoglycemia are shown in
Table 5. Patients with autosomal recessive hyperinsu-
linism due to SUR/Kir6.2 mutations typically present
as macrosomic babies with severe intractable hypo-
glycemia soon after birth.

Table 4 Causes of Ketotic Hypoglycemia

Liver large
Glycogen storage diseases (Types I, III, VI, and IX)

Fanconi-Bickel syndrome (GSD XI)

Disorders of gluconeogenesis (e.g., fructose

1,6-bisphosphatase deficiency)

Liver normal size
Accelerated starvation (ketotic hypoglycemia)

Cortisol/ACTH deficiency

GH deficiency

Panhypopituitarism

Glycogen synthase deficiency (GSD 0)

Short chain fatty acid oxidation disorders

Acetoacetyl CoA thiolase deficiency (84)

Succinyl-CoA:3-oxoacid CoA-transferase deficiencya

Organic acidemias (e.g., maple syrup urine disease

and methylmalonic acidemia)

aA rare cause of hypoglycemia due to inability to utilize ketone bodies.

Abbreviations: CoA, coenzyme A; GSD, glycogen storage disease.

Source: From Ref. 85.
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Unlike the autosomal recessive defects of the
KATP channel that result in diffuse b-cell dysfunction,
the sporadic form of hyperinsulinemic hypoglycemia
can result in either focal or diffuse hyperplasia of
b-cells. Focal adenomatous hyperplasia occurs in 40%
to 70% of cases requiring pancreatectomy (the remain-
der are due to diffuse hyperinsulinism) (104–106). It is
caused by a specific somatic loss of the maternal allele
imprinted at 11p15 in a patient harboring an SUR1
mutation on the paternal allele; i.e., hemizygous
germline mutation together with maternal loss of het-
erozygosity of 11p15 (107–111). Two hypotheses have
been proposed to explain focal hyperplasia. The loss
of heterozygosity may unmask a recessively inherited
SUR1 or Kir6.2 mutation located on the paternal
allele. An alternative hypothesis is that this somatic
deletion also results in loss of an associated tumor
suppressor gene, H19. H19 normally inhibits the
actions of IGF-2; unopposed IGF-2 action could lead
to b-cell proliferation (112).

Two distinct forms of autosomal dominant
hyperinsulinism have been described, both with
milder clinical phenotypes than the autosomal reces-
sive form. Patients are not macrosomic at birth and
may not present with hypoglycemia until later
in childhood or adulthood. Hypoglycemia usually
responds well to dietary or pharmacologic therapy
(diazoxide) and is generally associated with an excel-
lent prognosis (113,114). One form of autosomal
dominant hyperinsulinism is caused by an activating
mutation in GCK, the gene encoding b-cell glucoki-
nase, that results in increased affinity of the enzyme
for glucose (51–53). The initial report of hyperinsulin-
ism caused by an activating mutation in b-cell
glucokinase described a mild clinical phenotype;

however, a case of severe hyperinsulinism unrespon-
sive to medical therapy has recently been described
(54). Glucokinase normally has low affinity for glu-
cose and is the rate-limiting step in b-cell glucose
metabolism. In the initial description of this disorder,
a single base pair change at codon 455 of the gene was
found, resulting in substitution of methionine for
valine. This alteration increased the activity of the
enzyme (a 65% change in enzyme affinity for glucose;
Km 2.9 mM compared to 8.4 mM in wild type). This
causes an abnormally low glucose threshold for insu-
lin secretion, 36 to 45 mg/dL (2.0–2.5 mM). A defect in
glucokinase can be missed if the critical sample is
obtained when the plasma glucose concentration
is below the threshold for insulin secretion. If this
diagnosis is suspected, a fasting study with serial
measurements of plasma insulin levels may be
required to document inappropriate insulin secretion.

A distinct form of mild hyperinsulinism is
associated with persistent mild asymptomatic
hyperammonemia (blood ammonia levels are in the
range of 100 to 200 mmol/L or approximately three
to five times normal) that is not associated with any
abnormality of the amino acids or organic acids char-
acteristic of defects in the urea cycle (115–119). The
phenotype is characterized by hypoglycemia follow-
ing protein meals as well as fasting hypoglycemia
(120). Familial cases with an autosomal dominant pat-
tern of inheritance have been documented; however,
the majority of cases have been sporadic. The hypo-
glycemia may go unrecognized until adulthood. It
usually responds well to diet and diazoxide. The syn-
drome is caused by a gain of function mutation in
GLUD1, the gene for mitochondrial glutamate dehy-
drogenase (GDH). GDH catalyzes the oxidative
deamination of glutamate to alpha-ketoglutarate and
ammonia, using nicotinamide adenine dinucleotide
(NAD) or NADP as cofactor. Mutations cause
impaired GDH sensitivity to its allosteric inhibitor,
GTP, resulting in a gain of enzyme function and
increased sensitivity to its allosteric activator, leucine
(120). Plasma ammonia levels are increased due to
expression of mutant GDH in the liver, probably
reflecting increased ammonia release from glutamate
as well as impaired synthesis of N-acetylglutamate
(an allosteric activator of carbamoyl phosphate synthe-
tase, which catalyzes the first step in ureagenesis) due
to reduction of hepatic glutamate pools. Ammonia
levels are unaffected by feeding or fasting and appear
to cause no symptoms, perhaps due to a protective
effect of increased GDH activity in brain (120).

Although glucose is the prime regulator of
insulin secretion, fatty acids can increase insulin
secretion in vivo and amplify glucose-induced
insulin secretion in vitro. Mutations in the gene
(HADHSC) encoding short-chain L-3-hydroxyacyl-
CoA dehydrogenase (SCHAD) are associated with
autosomally recessive inherited hyperinsulinemic
hypoglycemia. The clinical presentation is heteroge-
neous with either mild late onset hypoglycemia or

Table 5 Clinical and Biochemical Features of Hyperinsulinemic

Hypoglycemia

Usually less than 12 mo of age at time of presentation

Hypoglycemia soon after feeding (0–5.5 hr, average �2 hr)

Urinary ketones negative, trace, or small

Serum insulin �2 mU/mL (15 pmol/L) with plasma

glucose < 45 mg/dL (2.5 mmol/L)

Increased serum C-peptide concentration

Plasma ketone (b-hydroxybutyrate and acetoacetate)

concentrations inappropriately low

Brisk glycemic response to glucagon > 30 mg/dL (1.7 mmol/L) (102)

Parenteral glucose required to maintain normoglycemia

is 2–4-fold greater than glucose production rate (�6 mg/kg/min)

Decreased plasma branched chain amino acids

(valine, leucine, isoleucine)

Decreased IGF-binding protein-1 (103)a

Leucine and/or tolbutamide causes an exaggerated

hyperinsulinemic response

GH, cortisol concentrations usually normal but may be

inappropriately low if hypoglycemia develops gradually

or is recurrent (blunted counterregulatory hormone responses)

aAll other endocrinologic and metabolic abnormalities with fasting hypogly-

cemia are associated with decreased insulin secretion and increased

IGFBP-1 levels.

Abbreviation: GH, growth hormone.

298 Wolfsdorf and Weinstein



severe neonatal hypoglycemia (121–124). SCHAD is
an intramitochondrial enzyme that catalyses the
penultimate reaction in the b-oxidation of fatty acids,
the NADþ-dependent dehydrogenation of 3-hydro-
xyacyl-CoA to the corresponding 3-ketoacyl-CoA.
The disease is characterized by raised plasma levels
of 3-hydroxybutyryl-carnitine and 3-hydroxyglutaric
aciduria. The precise mechanism whereby this
intramitochondrial metabolic defect causes hyperin-
sulinism is not yet understood.

An autosomal dominantly inherited form of
exercise-induced hyperinsulinism has not been
described in the neonatal period. Increased blood pyr-
uvate concentrations induce a brisk insulin secretory
response. The phenotype does not include fasting
hypoglycemia (125,126). The molecular genetic basis
of the disease is still unknown; however, the disorder
is not attributable to mutations in the monocarboxy-
late transporter genes MCT1–MCT8 (126).

Despite extraordinary advances in our under-
standing of the pathophysiology of hyperinsulinism,
only 30% to 50% of patients have a definable genetic
abnormality (96,97,127). It is likely that other abnorm-
alities will be revealed as the search continues for new
defects in the secretory apparatus, including defects
in the intracellular control of calcium signaling of
exocytosis (127).

Diagnosis: Hyperinsulinism should be consid-
ered in any infant or child with hypoketotic
hypoglycemia and is the probable diagnosis when
the concomitant serum insulin level is greater than
2 mU/mL (Table 5). Malicious insulin administration
should be suspected if severe hypoglycemia is asso-
ciated with a very high serum insulin concentration
(greater than 100 mU/mL), and is confirmed by
finding concomitantly low or suppressed serum
C-peptide levels.

The patient with focal adenomatous hyperplasia
cannot be differentiated clinically from the patient
with diffuse disease. Patients who fail to respond to
pharmacological therapy, and especially those with-
out a family history of hyperinsulinism, should be
referred to a specialized center for evaluation before
undergoing a 95% to 99% (near-total) pancreatectomy.
It is crucial to distinguish between focal and diffuse
forms of hyperinsulinism because, in the former, local
resection of the lesion is usually associated with
minimal morbidity and cures most patients, whereas
near-total pancreatectomy frequently results, even-
tually, in insulin-dependent diabetes and pancreatic
exocrine insufficiency (128–131). Sonography and
computerized axial tomography are both insensitive
imaging modalities. Pancreatic venous sampling and
intraoperative histopathologic examination of the
pancreas (evaluation of b-cell nuclear radius and cell
density) have been successfully used to distinguish
between the two (104,132). Recently, positron emis-
sion tomography with 18F-fluoro-l-DOPA has been
successfully used to distinguish between focal and
diffuse forms of hyperinsulinism (133) and promises

to be a reliable noninvasive method to distinguish
between focal adenomatous hyperplasia and diffuse
b-cell dysfunction.

A possible genotype–phenotype correlation has
recently been described (134), and mutation analysis
[Athena Diagnostics, Worcester, Massachusetts,
U.S.A.; (135)] should be performed as a part of the
evaluation of these patients.

Treatment: The goal of therapy is to prevent
hypoglycemia in order to protect the developing
brain. Successful treatment should maintain the
plasma glucose concentration greater than 60 mg/dL
(3.3 mmol/L) on a feeding schedule appropriate for
the age of the child. Prompt effective treatment is
necessary to minimize the risk of long-term adverse
neurological sequelae (2,127,136,137).

The patient should be given a trial of oral diaz-
oxide, which opens normal KATP channels and
thereby suppresses insulin secretion, at a starting dose
of 10 mg/kg/day in three doses at eight-hour inter-
vals (127). If no effect is observed at a dose of
15 mg/kg/day, increasing the dose is not recom-
mended because this will aggravate side-effects
(edema, hypertrichosis) without improving efficacy.
The effect of diazoxide may be potentiated by the
addition of a thiazide diuretic (chlorothiazide
7–10 mg/kg/day divided b.i.d.), which acts synergisti-
cally with diazoxide (activates potassium channels by
a different mechanism) and decreases edema (127).
Diazoxide is ineffective in infants whose
hyperinsulinism is caused by mutations resulting
in complete functional inactivation of the KATP channel.

A long-acting injectable somatostatin analog
(Octreotide) may be successful in maintaining
normoglycemia in up to 50% of cases of congenital
hyperinsulinism. Octreotide inhibits insulin secretion
by decreasing intracellular translocation of calcium
ions into b-cells and through a direct effect on secre-
tory granules. It may also mediate G-protein activity
in the potassium channel (138). The starting dose is
5 mg/kg every six to eight hours. If glucose is not
maintained greater than or equal to 60 mg/dL, the
dose of Octreotide is increased up to a maximum of
40 to 60 mg/kg daily, divided into three to six doses.
Gastrointestinal side-effects usually limit the tolerable
dose of Octreotide. Because of the marked variability
of response to Octreotide, the therapeutic regimen has
to be adapted for each individual patient and its
effects closely monitored (139).

More recently, nifedipine (a calcium channel
blocker) has been used to treat hyperinsulinemic
hypoglycemia that is unresponsive to conventional
therapy (140–143). Experience is still very limited;
however, after failure of diazoxide and/or somato-
statin analogue to restore euglycemia, nifedipine
(0.7–2.5 mg/kg/day) has been used successfully to
maintain normoglycemia in at least three patients
(141,143). The clinical response to this drug is highly
variable, and it is currently not possible to predict
which child will respond without a trial.
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Continuous subcutaneous infusions of Octreo-
tide (5–20 mg/kg/day) or glucagon (1–10 mg/kg/
hour) IV or subcutaneous (SC) infusion can be used
to stabilize plasma glucose levels within the normal
range in patients prior to surgery. They should be
used when the orally administered drugs have been
shown not to be effective, particularly if the child
remains dependent on a glucose infusion to maintain
normoglycemia. When used in high doses, both drugs
cause tachyphylaxis. Many infants fail medical
therapy and require near-total pancreatectomy to
prevent hypoglycemia (104,128,129,144).

Hormone Deficiency
ACTH/Cortisol Deficiency

Cortisol limits glucose utilization in several tissues,
including skeletal muscle, by directly opposing the
action of insulin and, secondarily, by promoting
lipolysis. It stimulates protein breakdown and
release of gluconeogenic precursors from muscle
and fat. Cortisol stimulates hepatic gluconeogenesis
and glycogen synthesis and has a permissive effect
on the gluconeogenic and glycogenolytic actions of
glucagon and epinephrine. As a result of all these
effects, cortisol tends to raise the plasma glucose
concentration.

Hypoglycemia is an uncommon presentation of
primary adrenal failure. Nevertheless, adrenocortical
insufficiency should be considered in the differential
diagnosis of patients who present with hypoglycemia
and ketosis. In infancy and early childhood, adreno-
cortical insufficiency may be secondary to congenital
adrenal hypoplasia or, rarely, congenital adrenal
hyperplasia. The hypoglycemia may be severe (145)
because both cortisol and epinephrine secretion are
impaired (146). In older children, adrenocortical insuf-
ficiency is more likely to be caused by Addison’s
disease, exogenous glucocorticoids, or X-linked
adrenoleukodystrophy (147). ACTH deficiency or
panhypopituitarism usually presents with neonatal
hypoglycemia, but hypoglycemia may first be
observed in infancy or in later childhood. Hypoglyce-
mia caused by isolated deficiency of ACTH is rare
(148,149); it is more common in children with multiple
pituitary hormone (including GH and ACTH)
deficiencies (150,151). Oral glucocorticoids (152) or
high doses of inhaled corticosteroids for treatment
of asthma are the most common causes of adrenal
insufficiency in childhood (153–156).

Diagnosis: A serum cortisol concentration less
than 10 mg/dL at the time of hypoglycemia should
suggest the diagnosis. The diagnosis is confirmed
by a low or high dose cosyntropin (Cortrosyn)
stimulation test that evaluates the hypothalamo-
pituitary-adrenal axis. Hyperkalemia and hypo-
natremia occurs in primary adrenal insufficiency, but
serum potassium concentration is usually normal
when adrenal insufficiency is secondary to primary
or secondary ACTH deficiency.

Treatment consists of physiological replacement
of cortisol and mineralocorticoids (when necessary).

Hypopituitarism (Isolated Growth Hormone
Deficiency, Multiple Pituitary Hormone Deficiencies)

GH decreases sensitivity to insulin, stimulates lipoly-
sis, and decreases glucose utilization. Congenital
hypopituitarism often presents in the newborn period
with hypoglycemia, persistent hyperbilirubinemia,
and a microphallus (157–159). About 20% of children
with isolated GH deficiency or multiple anterior
pituitary hormone deficiencies present with fasting
hypoglycemia and ketosis (150). The occurrence of
hypoglycemia in children with GH deficiency is inver-
sely related to age and GH deficiency seldom causes
hypoglycemia in older children and adolescents
(150,160). The combination of low serum GH and cor-
tisol concentrations at the time of hypoglycemia
suggests hypopituitarism; however, serum GH levels
during spontaneous hypoglycemia do not correlate
well with GH levels obtained by stimulation tests of
pituitary GH secretory reserve. Therefore, a single
low serum GH concentration cannot be relied on to
make the diagnosis of GH deficiency (161–163).
Patients with IGF-1 deficiency (Laron syndrome) have
high GH levels, but are otherwise indistinguishable
from patients with isolated GH deficiency and
are prone to symptomatic hypoglycemia in infancy
(164). The tendency to develop hypoglycemia amelio-
rates with advancing age. Pituitary GH secretory
reserve should be formally tested if there is any suspi-
cion of GH insufficiency.

Treatment of panhypopituitarism consists of
replacing thyroxine, cortisol, and GH.

Disorders of Glycogen Synthesis and
Glycogen Degradation
Glycogen Synthase Deficiency (Type 0
Glycogen Storage Disease)

Type 0 glycogen storage disease (GSD 0) is a rare
autosomal recessive disorder caused by mutations in
the hepatic glycogen synthase (GYS2) gene (165)
located on chromosome 12p12.2. To date, 15 different
mutations have been documented (86). Mutations in
GYS2 result in impaired hepatic glycogen synthesis
and shunting of glucose into the glycolytic pathway.
The disorder causes a unique metabolic disturbance
characterized by fasting hypoglycemia and hyperke-
tonemia alternating with daytime hyperglycemia
and hyperlacticacidemia after meals.

Fasting ketotic hypoglycemia is the cardinal fea-
ture of GSD 0. The disorder is usually asymptomatic
during infancy, but weaning from overnight feeds
often proves difficult. Patients may be relatively
asymptomatic despite severe hypoglycemia because
hyperketonemia provides the brain with an alterna-
tive energy source. Consequently, many patients are
investigated for short stature, failure to thrive, or
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other disorders, and are more than two years old
before hypoglycemia is found and the diagnosis is
made (86). The postprandial hyperglycemia and keto-
nuria characteristic of this disorder may be confused
with early diabetes mellitus. GSD 0 should be consid-
ered in any child with asymptomatic hyperglycemia
or glucosuria (166).

Diagnosis: Home blood glucose and urine ketone
monitoring may be used to screen for this disorder
because fasting hypoglycemia and ketonemia are uni-
versal in children less than five years of age. If fasting
ketotic hypoglycemia is demonstrated, frequent
measurements of blood glucose, lactate, and ketones
during fasting and after an oral glucose load or a
carbohydrate containing breakfast should be performed
to look for the characteristic biochemical disturbances.
Mutation analysis of GYS2 is now the preferred method
for confirming the diagnosis [Prevention Genetics,
Marshfield, Wisconsin, U.S.A. (167)].

Treatment: The goal of treatment is to prevent
hypoglycemia and ketosis during the night and hyper-
glycemia and hyperlacticacidemia during the day.
Fasting hypoglycemia is prevented by administration
of uncooked cornstarch (1 g/kg) at bedtime. During
the day, patients are fed frequently (e.g., every four
hours), and cornstarch may be useful when children
are physically active. The diet should contain
increased amounts of protein to provide substrate for
gluconeogenesis (168) and a correspondingly reduced

amount of carbohydrate to minimize postprandial
hyperglycemia and hyperlacticacidemia (169).

Glucose-6-Phosphatase Deficiency (Type I Glycogen
Storage Disease)

Type I glycogen storage disease (GSD I) is an autoso-
mal recessive disorder that results from lack of
glucose-6-phosphatase activity, the enzyme that cata-
lyzes the final step in the production of glucose
from glucose-6-phosphate (Fig. 3) (170). Glucose
production from both glycogenolysis and gluconeo-
genesis is severely impaired resulting in fasting
hypoglycemia and increased production of lactic
acid, uric acid, and triglycerides (Fig. 3). Glycogen
and fat accumulate in the liver resulting in hepato-
megaly and a protuberant abdomen. Symptomatic
hypoglycemia may be detected soon after birth;
however, most infants are asymptomatic as long as
they receive frequent feeds containing sufficient
glucose to prevent hypoglycemia. Symptoms of hypo-
glycemia usually appear when the interval between
feeds increases and the infant begins to sleep through
the night.

Characteristic manifestations in untreated patients
are a progressive decrease in linear growth, muscle
wasting, delayed motor development, and the devel-
opment of a cushingoid appearance (171). The
kidneys are enlarged; renal tubular dysfunction and

Figure 3 Schematic outline of glucose meta-

bolism shows pathways of glycogen synthesis,

glycogen degradation, glycolysis, and gluconeo-

genesis. Key enzymes are designated by

number as follows: 1—hexokinase/glucokinase;

2—glucose-6-phosphatase; 3—glycogen synthase;

4—phosphorylase; 5—amylo-1,6-glucosidase (gly-

cogen debrancher); 6—galactose-1-phosphate

uridyl transferase; 7—pentose phosphate path-

way; 8—phosphofructokinase; 9—fructose-1,

6-bisphosphatase; 10—fructose-1-phosphate

aldolase; 11—pyruvate kinase; 12—pyruvate car-

boxylase; 13—phosphoenolpyruvate carboxykinase;

14—pyruvate dehydrogenase. Abbreviation: TCA,

tricarboxylic acid cycle.
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glomerular hyperfiltration are common in childhood.
Increased urinary albumin excretion may be observed
in adolescents (172,173). More severe renal injury
(proteinuria, hypertension, and decreased creatinine
clearance) due to focal segmental glomerulosclerosis
and interstitial fibrosis is associated with suboptimal
control, and nephrocalcinosis is common in young
adults secondary to hypercalciuria and hypocitraturia
(174–176). Inadequate therapy causes severe retarda-
tion of physical growth and delayed puberty.
Hepatic adenomas usually develop in the second
and third decades of life, and may be associated with
an iron-resistant anemia, malignant degeneration, or
hemorrhage (177–179).

Patients with Type Ib GSD (deficiency of the glu-
cose-6-phosphate transporter required to move
glucose-6-phosphate across the microsomal mem-
brane into the lumen of the endoplasmic reticulum
where it is exposed to the hydrolytic function of the
glucose-6-phosphatase enzyme system) have similar
clinical manifestations (180). In addition, they have
either constant or cyclic neutropenia associated with
recurrent bacterial infections. Neutropenia of varying
severity is a consequence of disturbed myeloid
maturation, and it is accompanied by functional
defects of circulating neutrophils and monocytes
(181). Most patients develop an inflammatory bowel
disease resembling Crohn’s disease that is responsive
to treatment with granulocyte colony stimulating
factor (182,183).

Diagnosis: In infancy, severe hypoglycemia
accompanied by marked hyperlacticacidemia devel-
ops three to four hours after a feed. The serum is
often cloudy or milky with very high triglyceride
and moderately increased levels of cholesterol. Serum
uric acid is increased, and serum aspartate amino-
transferase (AST) and alanine aminotransferase
(ALT) levels are moderately elevated. Glucagon
causes either no increase or only a small increase in
blood glucose, whereas the already elevated blood
lactate level increases further. GSD Ia and Ib are
usually suspected on the basis of their characteristic
clinical and biochemical abnormalities. The diagnosis
usually can be confirmed by mutation analysis (184)
and commercially available tests identify more than
95% of mutations for GSD Ia and 80% of mutations
for GSD Ib [Duke University School of Medicine
Glycogen Storage Disease Laboratory, Durham, North
Carolina, U.S.A. (185)]. A liver biopsy and assay of
glucose-6-phosphatase activity should seldom be
necessary to confirm the diagnosis.

Treatment consists of providing a continuous diet-
ary source of glucose at a rate that prevents the blood
glucose level from falling below the threshold for
glucose counterregulation, approximately 70 mg/dL.
When hypoglycemia is prevented by providing an
appropriate amount of glucose throughout the day
and night, the biochemical abnormalities are amelio-
rated, the liver size decreases, the bleeding tendency
reverses, and the growth improves (186). The

amount of glucose required varies among patients,
but can be approximated, initially, by using the
formula for calculating basal glucose production rate
as a guide: y¼ 0.0014x3 - 0.214x2 þ 10.411x - 9.084,
where y¼mg glucose per minute, and x¼ body
weight in kilograms (4). Glucose itself or glucose-
containing polymers can be given intermittently
during the day and continuously (via a nasogastric
tube or gastrostomy) at night. Alternatively, after
six to eight months of age, intermittent feedings of
uncooked cornstarch can be used as the source
of continuous glucose administration (187,188).
Orally administered uncooked cornstarch appears
to act as an intestinal reservoir of glucose that is
slowly absorbed into the circulation. It is given in a
slurry of water or artificially flavored drink, or a lac-
tose and sucrose-free formula at three- to five-hour
intervals during the day, and four- or five-hour inter-
vals overnight (187,189–191).

Amylo-1,6-Glucosidase Deficiency (Type III Glycogen
Storage Disease; Glycogen Debranching
Enzyme Deficiency)

Release of glucose from glycogen stores requires the
combined actions of glycogen phosphorylase and gly-
cogen debranching enzyme, which consists of two
independent catalytic activities on a single polypep-
tide chain, an oligo-1,4!1,4 glucan transferase and
amylo-1,6-glucosidase. After phosphorylase has acted
exhaustively on the outer branches of glycogen, four
glucosyl residues remain distal to the branch point
(limit dextrin). Transferase activity transfers three
glucose residues from one short outer branch to
the end of another thus exposing the branch-point
(an a-1,6-linkage). Glucosidase then hydrolyzes the
branch-point permitting phosphorylase access to
the a-1,4-linkages. The transferred dextrin may be
further depolymerized by phosphorylase. Full deb-
ranching enzyme activity requires both the
transferase and glucosidase activities. In the absence
of debrancher activity, breakdown of glycogen is
arrested when the outermost branch points are
reached. Only 1,4 segments distal to the outermost
branch points are accessible to phosphorylase and
can yield glucose. This results in accumulation of an
abnormal form of glycogen, phosphorylase limit
dextrin, in affected tissues.

Deficiency of debranching enzyme activity due to
mutations in the AGL gene, located on chromosome
1p21, impairs glycogenolysis, but gluconeogenesis is
unaffected. There are several subtypes of Type III glyco-
gen storage disease (GSD III), and all are transmitted in
an autosomal recessive fashion. About 80% to 85% of
patients with GSD III lack glycogen debranching
enzyme (GDE) activity in both liver and muscle
(GDE IIIa); about 15% of patients have GDE deficiency
only in the liver (GSD IIIb) (170). In rare cases, there is
selective loss of only one of the two GDE activities, glu-
cosidase (type IIIc) or transferase (type IIId) (192,193).
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GSD Types IIIa and IIIb have different prognoses and
outcomes. Myopathy and cardiomyopathy is common
in GSD IIIa and can lead to early death or debilitation
in adult life. Muscle involvement can be inferred from
high plasma creatine kinase concentrations, but normal
values do not rule out muscle involvement.

Because glucose can be produced from 1,4-seg-
ments beyond the outermost branch points and from
gluconeogenesis, patients with GSD III often develop
less severe hypoglycemia than patients with glucose-
6-phosphatase deficiency. Fasting causes hypoglyce-
mia with ketosis and hyperlipidemia without
elevation of blood lactate and serum uric acid
concentrations. Liver enzymes (AST, ALT, alkaline
phosphatase, and LDH) are consistently elevated in
children (194). The kidneys are not enlarged, nor does
renal dysfunction occur. In 85% of patients with skele-
tal muscle involvement, muscle disease is usually not
clinically significant in childhood. Myopathy usually
becomes prominent in the third or fourth decades of
life, manifesting as slowly progressive muscle weak-
ness involving the large proximal muscles of the
shoulders and hips (195). Abnormal glycogen (limit
dextrin) may also accumulate in the heart. Subclinical
evidence of cardiac involvement is common and man-
ifests as ventricular hypertrophy on EKG and an
abnormal echocardiograph (196). Some patients
develop a cardiomyopathy similar to hypertrophic
obstructive cardiomyopathy (197). Hepatic adeno-
mata occur less frequently in GSD III than in GSD I,
but hepatic fibrosis, cirrhosis, and malignant transfor-
mation can occur (177,198).

Diagnosis: After an overnight fast, the low blood
glucose and normal blood lactate concentrations
do not increase after administration of glucagon
(0.03 mg/kg, maximum dose 1 mg IM or IV). When
the test is repeated two hours after a high-carbohydrate
meal, which lengthens the outer branches of glycogen,
a glycemic response does occur. Definitive diagnosis
and sub-typing formerly required a biopsy of both liver
and muscle for assay of enzyme activity, but GSD
Type IIIb can now be diagnosed noninvasively by
mutation analysis of exon 3 [Duke University School of
Medicine Glycogen Storage Disease Laboratory, Dur-
ham, North Carolina, U.S.A. (185)]. Mutation analysis
is not yet available for the diagnosis of GSD Type IIIa.

Treatment: As in GSD I, continuous provision
of an adequate amount of glucose, using uncooked
cornstarch, combined with a normal intake of total
calories, protein, and other nutrients corrects the clin-
ical and biochemical disorder and restores normal
growth. Uncooked cornstarch, 1.75 g/kg at six-hour
intervals maintains normoglycemia, increases growth
velocity, and decreases serum aminotransferase con-
centrations (199,200). The lowest dose of cornstarch
that maintains normoglycemia should be used. For
patients who have significant growth retardation
and myopathy, continuous nocturnal feeding of a
nutrient mixture composed of glucose, glucose oligo-
saccharides, and amino acids combined with meals

that have a high protein content has been shown to
improve muscle strength (201). The diet should
contain at least 2 to 3 g/kg of protein and there is
no need to restrict dairy products or fruit.

Hepatic Phosphorylase Complex Deficiency
(Glycogen Storage Diseases VI and IX)

The GSDs caused by a reduction in liver phosphory-
lase activity are a heterogeneous group of disorders
that includes autosomal recessive liver glycogen
phosphorylase deficiency (Type VI or Hers disease)
and phosphorylase kinase deficiency (Type IX), which
can be either autosomal recessive or X-linked (171).
They are all mild forms of hepatomegalic glyco-
genosis, and patients seldom have symptomatic
hypoglycemia during infancy unless they fast for a
prolonged period. Prebreakfast ketosis, as in GSD 0,
is almost universal. These disorders present in infancy
or early childhood with ketotic hypoglycemia, growth
retardation, and prominent hepatomegaly. Delayed
motor development is common in patients with
reduced enzyme activity in both muscle and liver.
Blood lactate and uric acid levels are normal, but mild
hyperlipidemia and elevated hepatic transaminases
are common biochemical abnormalities (202). Clinical
and biochemical abnormalities gradually disappear
with increasing age. Hepatomegaly decreases at pub-
erty, and most adult patients are asymptomatic (202).

Diagnosis: Functional tests are not especially
useful in evaluating these patients and cannot
distinguish between GSD VI and IX. Glucagon
administered after an overnight fast usually elicits a
brisk glycemic response without a rise in the blood
lactate level. Assessment of phosphorylase kinase
activity can be performed on whole blood, but confir-
mation of GSD VI, and often GSD IX, requires
assaying enzyme activity on a liver biopsy specimen.

Treatment: Prolonged fasting should be avoided.
A bedtime snack may be sufficient to prevent morn-
ing hypoglycemia, but ketosis is prevented and
patients feel better with uncooked cornstarch supple-
mentation at bedtime (1.5–2 g/kg). Improved growth
has been reported in children receiving cornstarch
supplementation (203).

Fanconi-Bickel Syndrome (Glycogen Storage
Disease Type XI)

Fanconi-Bickel syndrome (FBS) is a rare autosomal
recessive disorder due to mutations in the GLUT-2
gene located at 3q16.1-q26.3. GLUT-2 is a facilitative
monosaccharide transporter that mediates transport
of d-glucose and, to a lesser extent, d-galactose across
the cell membrane of hepatocytes, pancreatic b-cells,
enterocytes, and the basolateral membrane of renal
proximal tubular cells (15). Deficiency of GLUT-2 is
characterized by glucose and galactose intolerance
and accumulation of glycogen in the liver and kidney.
Impaired insulin secretion results in postprandial
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hyperglycemia leading to a pattern of fasting ketotic
hypoglycemia alternating with postprandial hyper-
glycemia, which can be confused with GSD 0. The
absence of hepatomegaly in GSD 0 and the presence
of chronic glucosuria in FBS are features that help to
distinguish between the disorders.

As with the other forms of GSD, patients with FBS
present in infancy when overnight feeds are spaced, and
they have fasting ketotic hypoglycemia. Patients may
present with chronic diarrhea (from carbohydrate
malabsorption), failure to thrive, hypophosphatemic
rickets, and developmental delay. Presence of a ‘‘moon
facies’’ and a protuberant abdomen may lead to confu-
sion with GSD I. Short stature persisting into
adulthood is almost universal in FBS (204,205).

Diagnosis: The diagnosis of FBS should be con-
sidered when postprandial hyperglycemia alternates
with fasting ketotic hypoglycemia. Mutation analysis
can be used to confirm the diagnosis (206), but testing
is not yet commercially available.

Treatment: The goal of treatment is to prevent
hypoglycemia and ketosis. Frequent small meals sup-
plemented with uncooked cornstarch (1.5–2 g/kg
given b.i.d.) improves growth and stamina (207).
Because fructose transport into cells is facilitated by
GLUT-5, fructose can be used as an alternative source
of carbohydrate. High concentrations of glucose,
sucrose, and galactose should be avoided because
they exacerbate hyperglycemia and aggravate
malabsorption.

Disorders of Gluconeogenesis

Disorders of gluconeogenesis may be caused by defi-
ciency of one of the key gluconeogenic enzymes
(pyruvate carboxylase, PEPCK, fructose-1,6-bisphos-
phatase, and glucose-6-phosphatase) (Fig. 3) (208). In
addition to these inborn errors of metabolism, gluco-
neogenesis is impaired in hereditary fructose
intolerance, by ingestion of ethanol, in children with
Jamaican vomiting sickness, falciparum malaria,
severe diarrhea, and in salicylate intoxication. Hypo-
glycemia caused by disorders of gluconeogenesis is
characteristically accompanied by hyperlacticacide-
mia and hyperalaninemia.

Phosphoenolpyruvate Carboxykinase Deficiency

PEPCK is a unidirectional rate-limiting enzyme of
gluconeogenesis that converts oxaloacetate to phos-
phoenolpyruvate (Fig. 3). Hypoglycemia is seen in
infancy and may be severe. Fatty infiltration of the
liver, kidney, and other organs occurs because there
is increased formation of acetyl CoA. Laboratory
evaluation reveals high concentrations of lactate and
pyruvate, a normal lactate:pyruvate ratio, and ketosis.
The definitive diagnosis of PEPCK deficiency
depends on the demonstration of impaired enzyme
activity on a liver biopsy. Treatment consists of
frequent feedings and avoiding fasting.

Fructose-1,6-Bisphosphatase Deficiency

The block in gluconeogenesis resulting from failure
to convert fructose-1,6-bisphosphate to fructose-6-
phosphate causes fasting hypoglycemia and lactic
acidosis (Fig. 3) (208,209). Hypoglycemia occurs dur-
ing fasting and intercurrent illness, and is associated
with ketosis, hypertriglyceridemia, and hyperurice-
mia. In the immediate postprandial period, glucagon
elicits a glycemic response (210). The biochemical
abnormalities caused by fructose-1,6-bisphosphatase
deficiency are similar to those of glucose-6-phos-
phatase deficiency. Affected children typically fail to
thrive. Hepatomegaly is caused by fatty infiltration
of the liver. Diagnosis is based on demonstrating
decreased enzyme activity in the liver. Treatment con-
sists of eliminating dietary fructose and sucrose and
avoiding prolonged fasts. During intercurrent illness,
IV glucose must be given to arrest catabolism.

Hereditary Fructose Intolerance

This rare disorder is caused by deficiency of fructose-
1-phosphate aldolase (Fig. 3). Nursing infants are
asymptomatic until fruits and juices are added to their
diet. It usually presents following the introduction of
a commercial formula containing sucrose, or at the
time of weaning when fructose or sucrose are ingested
for the first time. Fructose causes vomiting, diarrhea,
and hypoglycemia. Chronic exposure to fructose
causes hepatomegaly, jaundice, failure to thrive, and
renal tubular dysfunction with aminoaciduria. Older
children have an aversion to sweets. Fructose-1-
phosphate accumulates in the liver and acutely
inhibits glycogenolysis via the phosphorylase system
and gluconeogenesis at the level of fructose-1,6-
bisphosphatase (209). Chronic fructose intoxication
can occur after infancy without causing symptoms of
acute fructose intoxication and can be expressed as
an apparently isolated, reversible retardation of
somatic growth. The diagnosis is suggested by fructo-
suria after meals; a fructose tolerance test results in
hypoglycemia. In the past, the diagnosis was based
on the response to an IV fructose challenge or was
made by liver biopsy, which are both difficult and risky
invasive tests. Mutation analysis has become the pre-
ferred method for diagnosing hereditary fructose
intolerance (HFI), and more than 20 different
mutations have been described (211,212). The two
most common mutations in HFI in North America
and Western Europe are both in exon 5; sequencing
of this exon will detect mutations in more than 70%
of cases (213).

Alcohol Intoxication

Ingestion of alcohol by children and adolescents can
cause hypoglycemia several hours after its consumption
as a result of inhibition of gluconeogenesis (214). Etha-
nol inhibits gluconeogenesis because its metabolism by
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alcohol dehydrogenase depletes hepatic NAD, a cofac-
tor critical to the entry of most precursors into the
gluconeogenic pathway. It does not inhibit glycogenoly-
sis (215). Ethanol also inhibits cortisol and GH responses
to hypoglycemia (214). When hepatic glycogen stores
are adequate, ethanol does not cause hypoglycemia.
However, severe hypoglycemia occurs when glycogen
is depleted as a result of ethanol consumption without
food, or after accidental alcohol ingestion after an over-
night fast in a young child. Glucagon cannot raise the
blood glucose level; treatment of ethanol-induced hypo-
glycemia should always be with administration of
IV glucose.

Salicylate Poisoning

Large doses of salicylates can lower the plasma glu-
cose concentration (216). Both hyperinsulinemia and
reduced gluconeogenesis have been observed follow-
ing acute ingestion of aspirin (216). However, the
precise mechanism causing hypoglycemia is unclear.
Experimentally, salicylates may decrease gluconeo-
genesis via their ability to uncouple oxidative
phosphorylation.

Malaria

Hypoglycemia is common in children with
severe falciparum malaria in the absence of
treatment with quinine (217–220). Impaired gluco-
neogenesis is suggested by the presence of high
blood levels of ketones, lactate, and alanine at the
time of hypoglycemia. Gluconeogenesis appears to
be limited by an insufficient supply of precursors
and is unable to compensate for the decreased
availability of glucose from glycogen (221). Hypo-
glycemia has also been described during treatment
with quinine and has been attributed to quinine’s
hyperinsulinemic effect (216). It has been suggested
that the frequency of hypoglycemia in malaria
may be no higher than in other serious illnesses
associated with severe calorie deprivation (220).
Treatment of hypoglycemia associated with malaria
is with IV glucose.

Reye Syndrome

This syndrome typically follows viral infections with
varicella and influenza A and B. Aspirin has been
implicated in its pathogenesis. It is characterized by
recurrent vomiting, an altered level of consciousness,
hyperpnea, and hypoglycemia that is mainly the
result of altered gluconeogenesis (222). Hypoglycemia
occurs most often in children less than five years of
age. Increased plasma levels of ammonia and FFAs
suggest impaired ureagenesis and fatty acid oxidation
(223,224). Recurrent episodes that mimic Reye
syndrome should raise suspicion for a fatty acid
oxidation defect. Treatment is supportive (225,226).

Diarrhea and Malnutrition

In developing countries, hypoglycemia is a common
complication of infectious diarrhea in both well-
nourished and poorly nourished children (227–230),
and is a major cause of death (230,231). Children with
kwashiorkor frequently suffer from severe hypoglyce-
mia (232–234). Infants with acquired monosaccharide
intolerance after an episode of gastroenteritis are also at
increased risk of developing severe and even fatal hypo-
glycemia when fed a carbohydrate-free diet (235,236).

Depletion of hepatic glycogen together with
hepatic steatosis is observed in children with fatal
hypoglycemia and diarrhea (237). Serum insulin
levels are appropriately suppressed and glucose
counterregulatory hormone concentrations are
appropriately elevated in children with diarrhea
and hypoglycemia, whereas gluconeogenic sub-
strates are low suggesting that the hypoglycemia
may be due to failure of gluconeogenesis (231).
Reduced availability of fat-derived fuels (FFA and
ketones) may play an important role in the develop-
ment of hypoglycemia. In children who developed
hypoglycemia during acute diarrheal illness, BOHB
concentrations were not significantly higher than in
normoglycemic children with diarrhea, suggesting
deficient generation of ketones, either because fat
stores were diminished as a result of malnutrition
or because the oxidation of fat was impaired (231).
If fatty acids are less available (as may occur in mal-
nutrition) or when oxidation of fatty acids is
defective (e.g., as a result of acquired carnitine defi-
ciency), hypoglycemia is more likely to occur
because body tissues and brain (secondary to hypo-
ketonemia) are more dependent on glucose. The
failure of gluconeogenesis in diarrheal illness, there-
fore, may be a consequence of depleted fat stores,
defective fatty acid oxidation and ketogenesis, or a
defect in the hepatic enzymatic pathways required
for gluconeogenesis (238).

Frequent feeding of children during diarrhea may
help to prevent hypoglycemia. When patients with
diarrhea require parenteral therapy, dextrose-contain-
ing electrolyte solutions should be used and the
child’s blood glucose level must be carefully monitored.

Disorders of Amino Acid Metabolism

Several disorders of amino acid metabolism result in
hypoglycemia with organic aciduria. These patients
typically have a delay in growth and development,
recurrent vomiting, and may have hepatomegaly.
Laboratory features include hyperammonemia
and hyperchloremic metabolic acidosis. Diagnosis
depends on identification of specific organic acids in
the urine and analysis of liver biopsy specimens or
cultured fibroblasts (239,240).

Methylmalonic Acidemia

Methylmalonic acidemia results from a deficiency of
methylmalonyl-CoA mutase, a cobalamin-dependent
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enzyme involved in the carboxylation of propionyl-
CoA. Patients typically present in the newborn period
with ketoacidosis, hyperammonemia, hypoglycemia,
and acute encephalopathy. Hypoglycemia is due to
impaired gluconeogenesis (241). Asymptomatic and
benign variants are also detected by the analysis of
urine organic acids. Plasma amino acid profile shows
an increased concentration of glycine.

3-Hydroxy-3-Methyl Glutaric Acidemia

3-Hydroxy-3-methylglutaryl CoA lyase catalyzes the
last step of leucine degradation and ketogenesis. Defi-
ciency of this enzyme results in a clinical presentation
that includes episodes of hypoketotic hypoglycemia,
fatty liver, coma, and mental delay (242).

Maple Syrup Urine Disease

Maple Syrup Urine Disease (MSUD) is caused by a
deficiency of branched-chain ketoacid dehydrogenase,
the enzyme that decarboxylates the a-ketoacids of leu-
cine, isoleucine, and valine (243). The classic clinical
presentation consists of failure to thrive, acidosis,
hypoglycemia, and neurologic symptoms with rapid
deterioration when left untreated. The pathogenesis
of hypoglycemia is not entirely clear, although it
appears to result from defective gluconeogenesis
(244). The levels of the branched-chain amino acids
(leucine, isoleucine, and valine), particularly leucine,
are elevated in plasma and urine. Increased plasma
and urine concentrations of leucine, isoleucine, and
valine with accumulation of branched-chain ketoacids
and 2-hydroxy acids are essential for making the diag-
nosis. Additional metabolites of the branched-chain
amino acids may be detected. The enzymatic defect
can be detected in leukocytes. Treatment of MSUD
aims to inhibit endogenous protein catabolism, sustain
protein synthesis, prevent deficiencies of essential
amino acids, and maintain normal serum osmolarity.
Acute illnesses precipitate a catabolic state that must
be promptly arrested (245).

Hereditary Tyrosinemia (Tyrosinemia Type I)

This disorder is caused by deficiency of fumarylacetoa-
cetate hydrolase. Infants present with vomiting,
diarrhea, and failure to thrive. Liver disease and hypo-
glycemia are consistent findings. A large amount of
succinylacetone is excreted in the urine. Diagnosis is con-
firmed by measurement of fumarylacetoacetate
hydrolase in the liver. Treatment consists of a diet low
in tyrosine and phenylalanine in addition to the admin-
istration of 2-(2-nitro-4(trifluoromethyl) benzoyl) -1,3-
cyclohexandione. Liver transplant is an effective therapy.

Miscellaneous Causes of Hypoglycemia
Galactosemia

Galactosemia is caused by deficiency of galactose-
1-phosphate uridyl transferase (Fig. 3) resulting

in inability to convert galactose-1-phosphate to
glucose-1-phosphate (246). A defect in UDP-galactose-
4-epimerase may cause a similar presentation (246).
Hypoglycemia occurs following milk feedings.
Although the precise mechanism causing hypoglyce-
mia is unclear, there is evidence suggesting that
the accumulation of galactose-1-phosphate inhibits
phosphoglucomutase activity, thereby inhibiting
glycogenolysis. Patients may present with neonatal
Escherichia coli sepsis, diarrhea, vomiting, failure to
thrive, hepatomegaly, jaundice, ascites, cataracts,
and mental retardation. The urine contains a redu-
cing substance that is not glucose (urine gives a
positive Clinitest reaction but is negative with Clinis-
tix) while the patient is receiving galactose. The
increased concentration of galactose-1-phosphate
leads to intellectual impairment, cataracts, hepatic
dysfunction, renal tubular disease (Fanconi syn-
drome), and ovarian failure (247). Diagnosis is
confirmed by identifying a marked increase in blood
levels of galactose and galactose-1-phosphate and
near absent galactose-1-phosphate uridyl transferase
activity in red blood cells (246). Treatment consists
of eliminating galactose from the diet.

Liver Disease

Fasting hypoglycemia may occur in patients with a
variety of diseases and ingestions that cause extensive
severe damage to the liver parenchyma, resulting in
fulminant hepatic necrosis and liver failure (248).
Hypoglycemia results from impaired glycogenolysis
and gluconeogenesis. Treatment is supportive.

Jamaican Vomiting Sickness

The unripe ackee fruit of the Blighia surpida tree
contains a water-soluble toxin, hypoglycin, which pro-
duces vomiting, central nervous system depression,
acute fatty liver, and severe hypoglycemia. Hypogly-
cemia is caused by hypoglycin A, which inhibits
gluconeogenesis secondary to its interference with oxi-
dation of long chain fatty acids (249). The disease is
endemic in Jamaica where ackee is part of the diet of
the poor. It has been reported in the United States
resulting from the consumption of canned ackee (250).

Glucose Transporter Defects

Hypoglycorrhachia, despite normal plasma glucose
concentrations, has been described in infants with a
seizure disorder, developmental delay and acquired
microcephaly, caused by a defect in the blood–brain
glucose transporter (GLUT-1). Glucose and lactate
concentrations in the cerebrospinal fluid are low.
Two distinct classes of mutations cause the functional
defect of glucose transport: hemizygosity of GLUT-1
and nonsense mutations resulting in truncation of
the GLUT-1 protein (251). Treatment is with a keto-
genic diet to provide the brain with an alternative
fuel source (252).
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Congenital Disorders of Glycosylation (Carbohydrate-
Deficient Glycoprotein Syndrome)

Congenital disorders of glycosylation (CDG) are due
to several distinct genetic defects in the synthesis of
the glycan moiety of glycoproteins or other glycocon-
jugates (253). CDGs affect many organs and have
diverse clinical manifestations. In addition to failure
to thrive and developmental delay, some patients
exhibit characteristic dysmorphic features: large ears,
a prominent forehead, inverted nipples, and abnormal
fat distribution, but these features are not invariably
present. Both CDG-Ia (phosphomannomutase 2
deficiency) (254) and CDG-Ib (phosphomannose
isomerase deficiency) are associated with hypo-
glycemia; however, in CDG-Ib, hyperinsulinemic
hypoglycemia is responsive to treatment with oral
mannose (255). Serum transferrin isoelectrofocusing
is used to screen for N-glycosylation defects asso-
ciated with sialic acid deficiency; however, a normal
pattern does not exclude these defects (253).

Respiratory Chain Defects

Hypoglycemia occasionally occurs in children with
defects of oxidative phosphorylation associated
with liver failure (256–258). Hypoglycemia may, how-
ever, be the presenting symptom in some cases of
respiratory chain defect without any obvious hepatic
dysfunction. The mechanism underlying the hypo-
glycemia is incompletely understood. It has been
suggested that hypoglycemia in the absence of hepatic
failure may be due to impairment of either gluconeo-
genesis or fatty acid oxidation or glycogenolysis as a
result of reduced cofactors, ATP, NAD, or FAD, which
may interfere with the different pathways involved in
glucose homeostasis (259).

Insulin Autoimmune Hypoglycemia (Hirata Syndrome)

Initially reported from Japan in 1970, this rare disor-
der, which is exceedingly uncommon in whites and
in children, is characterized by hyperinsulinemic
hypoglycemia and high titers of antibodies to
human insulin in the absence of pathologic abnorm-
alities of the pancreatic islets and prior exposure to
exogenous insulin (260,261). More than 90% of cases
have been reported in the Japanese literature.
Patients are typically middle aged, although children
as young as three years and elderly patients have
been reported.

Insulin autoimmune hypoglycemia (IAH) is
caused by interaction of endogenous autoantibodies
with insulin and causes severe postprandial and/or
fasting neuroglycopenia that may be confused with
an insulinoma or other cause of hyperinsulinemic
hypoglycemia (260,261). Its frequency is increased
in patients with autoimmune diseases (e.g., Graves
disease, systemic lupus erythematosus, ulcerative

colitis, and with use of sulfhydryl-containing drugs
such as methimazole) (262). Postprandial hypoglyce-
mia has been attributed to a buffering effect of
insulin antibodies causing prolonged elevations of
postprandial total and free insulin concentrations
with release of free insulin out of synchrony with
the ambient glucose concentration (261,263).

Diagnosis: During spontaneous episodes of
hypoglycemia, serum insulin, C-peptide and proinsu-
lin concentrations are elevated. As a result of
interference by the autoantibodies in the immunoas-
say, serum insulin may be dramatically increased to
concentrations of the order of 100 to 1000 mU/mL or
higher (264). IAH can be readily detected by high
titers of insulin antibodies (measured by 125I-labeled
insulin binding in polyethylene glycol precipitated
samples or by ELISA), which may also bind to C-pep-
tide and proinsulin and interfere with their
immunoassays resulting in spuriously elevated con-
centrations.

Treatment: Most cases occur in the setting of
autoimmune disease with or without precipitating
medications. The hypoglycemia is usually transient
and resolves spontaneously within three to six
months of diagnosis (260). Possible offending medica-
tions should be stopped. The most consistent benefit
has been obtained from high doses of prednisone
and plasmapheresis (263) in conjunction with a diet
consisting of frequent small meals low in either total
or readily absorbable carbohydrate, together with
acarbose to reduce postprandial hyperglycemia and
the stimulus to insulin secretion (261).

Disorders of Carnitine Metabolism, Fatty Acid
b-Oxidation, and Ketone Synthesis

Disorders of carnitine metabolism and fatty acid
b-oxidation (FAO) are characterized by impaired abil-
ity to metabolize FFAs to acetyl CoA in various tissues
and to synthesize ketones in the liver. During periods
of fasting, mitochondrial oxidation of fatty acids
becomes the major source of energy. Fatty acids with
a chain length of less than or equal to 18 carbons
undergo a series of reactions that produce acetyl
CoA, a Krebs cycle intermediate and a precursor of
hepatic ketone body synthesis. Normally, ketones
are an alternative fuel for a variety of tissues, thereby
conserving glucose for oxidation by the brain and
heart (23). The paucity of ketones in FAO disorders
results in continued utilization of glucose resulting
in inability to maintain fasting plasma glucose con-
centrations and accumulation of intermediates of
b-oxidation, which cause encephalopathy, arrhyth-
mias, cardiac arrest, and sudden death (265,266).

The oxidation of fatty acids begins with the for-
mation of acyl-coenzyme A (acyl-CoA), which is
transported across the mitochondrial membrane by
a carnitine-mediated transport mechanism. Within
the mitochondrion, carnitine is removed and four
reactions, catalyzed by membrane-bound enzymes,
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result in sequential removal of two carbon moieties
(Fig. 4). Although defects in the formation of CoA
esters, transport, or b-oxidation all result in impaired
energy metabolism, there is a wide spectrum of clini-
cal phenotypes. To date, at least 22 distinct disorders
of fatty acid oxidation or transport have been
described. Clinical manifestations may appear at any
age between birth and adulthood; approximately
70% of patients manifest symptoms before one year
of age (267). Clinical manifestations usually develop
during periods of catabolic stress or reduced caloric
consumption (268). Symptoms of an acute metabolic
crisis vary in severity and include nausea, vomiting,
lethargy, confusion, coma, seizures, or sudden death.
Patients may have hypoglycemia (usually, but not
always hypoketotic), liver disease ranging in severity
from increased serum transaminase levels to fulmi-
nant hepatic failure, skeletal myopathy, or cardiac
dysfunction caused by cardiomyopathy (Tables 6
and 7).

Approximately one-third of patients with FAO
disorders present in the newborn period with
lethargy, hypotonia, and neurologic depression (267).
Developmental abnormalities (including facial
dysmorphism, renal dysplasia or cysts, and develop-
mental brain malformations caused by defects in
neuronal migration) have been observed in multiple
acyl-CoA dehydrogenase deficiency (MAD, glutaric
acidemia Type II) (272,276), in CPT-II deficiency
(277), and long-chain hydroxyacyl-CoA dehydrogen-
ase (LCHAD) deficiency (278). Other disorders that
may present in the neonatal period, but are not typi-
cally associated with developmental abnormalities

include translocase deficiency, trifunctional protein
deficiency, CPT-I deficiency, and very long-chain
acyl-CoA dehydrogenase (VLCAD) deficiency.
Cardiac manifestations, including conduction distur-
bances and arrhythmias, are common in all of the
disorders that present in the newborn period, but
are particularly characteristic of the long-chain fatty
acid oxidation disorders. Although hypoglycemia is
a feature of these disorders, severely ill infants usually
die within a few days of birth despite treatment of
hypoglycemia (272,279). About 5% of cases of sudden
infant death syndrome (SIDS) are thought to be
caused by defects in carnitine transport and/or
FAO, including deficiencies of medium-chain acyl-
CoA dehydrogenase (MCAD), VLCAD, LCHAD,
MAD, and carnitine transport defects (280).

In infancy and childhood, hypoglycemia is the
most common presenting abnormality; more than
80% of patients have hypoglycemia at diagnosis
(267). Hypoglycemia typically is associated with
hypoketosis. In patients with short chain fatty acid
disorders, however, ketogenesis may be sufficient
to cause moderate or large (appropriate) ketonuria
at the time of presentation with hypoglycemia.
Moderate hepatomegaly at presentation is caused by
fatty infiltration (micro- and macrovesicular steatosis),
which may lead to the erroneous impression that the
patient has a GSD or Reye syndrome (281,282). Hepa-
tomegaly rapidly resolves with treatment. Most
patients have hepatic dysfunction during episodes
of acute metabolic decompensation (266,268). A mod-
erate increase in serum transaminase concentrations
(100–800 U/L) is common, and patients with MAD

Figure 4 Schema of carnitine metabolism,

fatty acid ß-oxidation, and ketone synthesis.

Reactions associated with known metabolic

defects are shown in shaded boxes. Abbrevia-
tions: CAT, carnitine-acylcarnitine translocase;

CT, carnitine transporter; CPT-I, carnitine

palmitoyltransferase-I; CPT-II, carnitine palmi-

toyltransferase-II; ETF(H), electron transfer

flavoprotein (reduced); FAD(H), flavin adenine

dinucleotide (reduced); HMGL, 3-hydroxy-3-

methylglutaryl-CoA lyase; HMGS, 3-hydroxy-3-

methylglutaryl-CoA synthetase; LCAD, long-chain

acyl-CoA dehydrogenase; LCFA, long-chain fatty

acid; LCHAD, long-chain hydroxyacyl-CoA dehy-

drogenase; LCKAT, long-chain 3-ketoacyl-CoA

thiolase; MAD, multiple acyl-CoA dehydrogenase;

MCAD, medium-chain acyl-CoA dehydrogenase;

MCKAT, medium-chain 3-ketoacyl-CoA thiolase;

NAD(H), nicotinamide adenine dinucleotide

(reduced); SCAD, short-chain acyl-CoA dehydro-

genase; SCHAD, short-chain hydroxyacyl-CoA

dehydrogenase; VLCAD, very-long chain acyl-

CoA dehydrogenase.
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and translocase deficiency may present with hepatic
failure. Hepatocyte mitochondria may be abnormal
in shape and size in both disorders. Electron micros-
copy may reveal differences: dense condensation of
mitochondria with inclusion bodies in FAO defects

in contrast to mitochondrial swelling in Reye
syndrome (283).

Patients with defects in carnitine transport
(primary carnitine deficiency) and metabolism (other
than CPT-I deficiency) or in the oxidation of longer

Table 7 Disorders of Fatty Acid Oxidation and Ketone Synthesis

Enzyme deficiency MAD VLCAD MCAD SCAD LCHAD SCHAD KAT HMGS HMGL

Clinical
Fasting intolerance þ þ þ þ þ þ þ þ þ
Acute episodes þ þ þ þ þ þ þ þ þ
Coma/seizures þ þ þ þ þ þ þ þ þ
Myopathy/weakness þ þ þ þ þ þ þ
Myoglobinuria/pain þ þ þ
Neuropathy þ þ
Retinopathy þ
Cardiomyopathy þ þ þ � þ
Hepatopathy þ þ þ þ þ � þ þ þ
Nephropathy þ
Congenital anomalies þ
Biochemical
Hypoglycemia þ þ þ þ þ þ þ þ þ
Ketones Low Low Low High Low High Low Low Low

Ammonia þ/�High þ/�High þ/�High þ/�High þ/�High N þ/�High

AST, ALT Abnl Abnl Abnl Abnl Abnl Abnl Abnl Abnl

Plasma carnitine Low Low Low Low Low Low Lowa N N

Plasma acylcarnitines Abnl Abnl Abnl Abnl Abnl N Abnl N N

Dicarboxylic aciduria Yes Yes Yes Yes Yes Yes Yes Yes/no No

Other abnormal OA Yes Yes Yes Yes Yes Yes Yes Yesb Yes

Urine acylglycines Abnl N Abnl Abnl N N N N N

aMay be normal.
bDuring acute episodes or after MCT loading.

Abbreviations: Abnl, abnormal; N, normal; OA, organic acids;�, not common but occasionally reported; KAT, 3-ketoacyl-CoA thiolase; HMGS, 3-hydroxy-3-

methylglutaryl-CoA synthase; HMGL, 3-hydroxy-3-methylglutaryl-CoA lyase; SCHAD, short-chain hydroxyacyl-CoA dehydrogenase; MAD, multiple acyl-Co-A dehy-

drogenase; VLCAD, very long-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase;

LCHAD, long-chain hydroxyacyl-CoA dehydrogenase.

Source: From Refs. 265,266,268,272–275.

Table 6 Disorders of Carnitine Metabolism

Enzyme deficiency CT CAT CPT-I CPT-II

Clinical
Fasting intolerance þ þ þ þ
Acute episodes þ þ þ þ
Coma/seizures þ þ þ þ
Muscle weakness/myopathy þ þ þ þ
Muscle pain/myoglobinuria þ
Cardiomyopathy/arrhythmia þ þ �
Hepatopathy þ þ þ �
Nephropathy þ
Congenital anomalies þ
Biochemical
Hypoglycemia þ þ þ þ
Ketones Low Low Low Low

Ammonia þ/�High þ/�High þ/�High þ/�High

AST, ALT Abnormal Abnormal Abnormal Abnormal

Plasma carnitine Very low Low/normal High/normal Low/normal

Plasma acylcarnitines Normal Abnormal Normal Abnormal

Dicarboxylic aciduria No Yes Yes No

Other abnormal organic acids No No No No

Urine acylglycines Normal Normal Normal Normal

Abbreviations: CT, carnitine transporter; CAT, carnitine acylcarnitine translocase; CPT-I, carnitine palmitoyltransferase-I; CPT-II, carnitine palmitoyltransferase-II;

�, not common but occasionally reported; þ/�high, plasma ammonia level is not invariably high.

Source: From Refs. 265,266,268-271.
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chain fatty acids (long-chain acyl-CoA dehydrogenase
(LCAD), VLCAD, LCHAD, and MAD deficiency)
characteristically have hypertrophic or dilated cardio-
myopathy (266,268,284) and often present with
congestive heart failure or cardiac arrest. Arrhythmias
have been reported without cardiomyopathy. Con-
duction disturbances are thought to be due to
accumulation of toxic intermediates and can occur
before the development of severe hypoglycemia.

Muscle symptoms are the hallmark of FAO
defects that present in adulthood. Progressive muscle
weakness, episodic muscle pain, rhabdomyolysis, and
myoglobinuria after strenuous physical activity occur
in adults with CPT-II, translocase, LCHAD, and
VLCAD deficiency (Tables 6 and 7). Symptoms may
occur after prolonged exercise or exposure to cold,
during fasting or an intercurrent infection. Hypogly-
cemia and alterations in mental status are unusual
in the late onset disorders.

The characteristic biochemical features of
disorders of carnitine metabolism and FAO are sum-
marized in Tables 6 and 7. Acute metabolic crises
are frequently, but not invariably, associated with
hypoglycemia and metabolic acidosis. Hypoglycemia
results from a combination of failure to decrease utili-
zation of glucose (because of the lack of an alternative
energy source) and impaired gluconeogenesis.
Metabolic acidosis is accompanied by an increased
anion gap. Mild to marked hyperammonemia may
occur as a result of secondary inhibition of N-acetyl-
glutamate synthesis in the urea cycle. Hepatic
dysfunction generally manifests with increases in
serum AST and ALT concentrations. When muscle is
affected, serum creatine kinase increases during
symptomatic episodes. The cause of the increased
serum uric acid level is unclear.

Urinalysis shows an inappropriately low level of
ketonuria relative to the duration of fasting and/or
degree of hypoglycemia. Ketones are seldom comple-
tely absent from the urine. Ketonuria may be
abundant in patients with defects limited to the
oxidation of short chain fatty acids (particularly
short-chain acyl-CoA dehydrogenase (SCAD) and
SCHAD deficiency) because most of the long chain
fatty acid is oxidized to ketones; only the metabolism
of the short chain remnants is impaired.

Quantitative assays of plasma carnitine concen-
trations measure total carnitine as well as free and
bound (or esterified) carnitine. Normally, the free frac-
tion comprises about 80% of total carnitine. Carnitine
transport defects (primary carnitine deficiency) are
rare, and are characterized by extremely low total
and free carnitine levels in blood and urine (generally
less than 10 mmol/L) (269). Carnitine loading (for
example with 100 mg/kg) raises the blood level of
carnitine, but causes inappropriate carnitinuria. Sec-
ondary carnitine deficiency is much more common.
A low level of total plasma carnitine is usually the
result of an inadequate supply of dietary carnitine
and the ratio of the free and esterified fractions to total

carnitine generally remains intact. A low free/total
carnitine ratio can occur for a number of reasons
including physiologic ketosis (when acetyl CoA binds
free carnitine to form acetylcarnitine), and with
certain medications (e.g., valproate binds carnitine
forming valproylcarnitine). In disorders of FAO,
carnitine binds with intermediate compounds in
the pathway (e.g., octanoylcarnitine) resulting in
decreased total and free carnitine and increased
esterified fractions.

Diagnosis: All children with hypoglycemia
should be screened for FAO disorders. Failure to
make the correct diagnosis in a timely fashion
increases the risk of hepatic failure or sudden death.
During an episode of hypoglycemia, screening for a
FAO defect should routinely include urinalysis for
measurement of ketones and an analysis of urinary
organic acids. Urinary ketones are usually inappropri-
ately low for the degree of hypoglycemia; complete
absence of ketones is unusual. Hypoketosis (unless
clearly explained by hyperinsulinism) always war-
rants an investigation for FAO defects. Moderate or
large ketonuria does not exclude the diagnosis of a
FAO disorder.

Analysis of a urine sample (obtained as soon as
possible after presentation) for organic acids by gas
chromatography/mass spectrometry is a useful
method to screen for FAO disorders. The urinary
excretion of ketones is reduced (except in the short
chain variants). In all defects characterized by
impaired b-oxidation of fatty acids, intermediate com-
pounds accumulate and undergo o-oxidation
resulting in the production of dicarboxylic acids (adi-
pic, suberic, and sebacic acids, corresponding to the
saturated fatty acids hexanoate, octanoate, and decan-
oate, respectively). The excretion of dicarboxylic acids
is not necessarily pathological because this may occur
to a limited degree during physiologic ketosis.
Also, patients receiving medium chain triglycerides
(MCT), e.g., in a formula, have dicarboxylic aciduria.
Defects in carnitine transport and metabolism do
not directly disrupt b-oxidation and are not generally
associated with dicarboxylic aciduria. In 3-hydroxy-
3-methylglutaryl-CoA lyase deficiency, only adipic
acid is found in urine during a metabolic crisis.
Other metabolites in the organic acid analysis
may help to identify the specific site of the metabolic
block.

Glycine and carnitine are normal cellular consti-
tuents that displace CoA from organic acyl and fatty
acyl intermediates, producing acylglycines and
acylcarnitines, respectively. The former is analyzed
in urine (285), the latter in plasma or in blood filter
paper specimens (286,287). Certain compounds have
a higher affinity for glycine, others for carnitine. The
specific pattern of unusual compounds identified by
these techniques, in concert with urine organic acid
findings, increases the likelihood of making a specific
diagnosis. Quantitative FFA profiles allow direct ana-
lysis of all fatty acid intermediates and appears to be
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the most sensitive test for diagnosing disorders of
FAO (265). Because deficiency of carnitine and disor-
ders of carnitine transport do not cause abnormal
patterns of fatty acyl-CoA intermediates, measure-
ment of total, free, and esterified carnitine
concentrations should be included in the investigation
of a suspected FAO disorder.

The importance of obtaining diagnostic speci-
mens during the acute catabolic phase of illness (or
as soon as possible after the patient has been treated)
cannot be overstated. Once treatment is begun with
oral and/or IV glucose, fatty acid flux through the
defective pathway decreases, and the characteristic
biochemical abnormalities necessary to establish a
diagnosis may no longer be evident. Consequently,
specimens obtained after treatment is well underway
may be normal, necessitating a more invasive and
potentially dangerous approach to investigating these
patients (37,288).

Several American states and European regions
are using tandem mass spectrometry to screen for
FAO disorders and CPT-II deficiency on filter paper
blood specimens obtained during the newborn period
(287,289–291).

There are several options for investigating the
asymptomatic patient who has a history suggestive
of a defect in carnitine metabolism or FAO. Plasma
acylcarnitine and urinary acylgycine should be
obtained before breakfast after a routine overnight
fast of 8 to 10 hours duration when the child is well.
Arrangements can be made for diagnostic blood and
urine specimens to be obtained when the patient is
under catabolic stress (e.g., during a febrile or other
intercurrent illness). The patient can be admitted to
the hospital to monitor the response to fasting
(37,288). Because of the potential hazard of inducing
an arrhythmia, hepatic failure, or sudden death, a
monitored fast should be performed as a last resort
in the child with hypoglycemia in whom all noninva-
sive methods have failed to yield a diagnosis. A
supervised oral fat load has been used to identify
defects affecting longer chain fatty acid metabolism
(292). In all cases of potential carnitine transport
defects and FAO defects, especially in very young
patients or when it is inappropriate for a patient to
fast or undergo a provocative study, skin fibroblasts
may be obtained for FAO studies and for analysis of
enzyme activity. In addition, mutational analysis can
be performed for diseases with common mutations,
e.g., MCAD and LCHAD deficiency.

Treatment: The specific treatment of disorders of
carnitine metabolism and defects of FAO depends
upon the individual defect. The primary recommen-
dation for all disorders of FAO is to avoid
prolonged fasting and ensure a frequent feeding regi-
men when patients are at risk for acute metabolic
decompensation. Provision of a continuous exogen-
ous source of carbohydrate obviates dependence on
fatty acids and ketones for energy. During intercurrent
illnesses or when calorie intake decreases for any

reason, patients should be fed every four hours
around-the-clock until a normal diet is resumed and
symptoms of the illness abate. When vomiting pre-
vents dependable consumption of food or fluids,
10% dextrose solution must be given intravenously
at a rate approximately 1.5 times the hepatic glucose
production rate to prevent glucose counterregulation.

Dietary therapy for defects of FAO is controver-
sial. For the young child (more than one year of age)
who is otherwise well, raw cornstarch at night
decreases dependence on fatty acids as a source of
energy. Restriction of fat has been used; however,
overzealous fat restriction may lead to deficiencies
of essential fatty acids. In defects of long chain fatty
acid oxidation, supplemental dietary MCT allows
ketone synthesis to occur. The availability of fat as a
substrate for energy may be of therapeutic benefit
even during an acute metabolic crisis.

Carnitine supplementation (usually 100 mg/kg/
day) is indicated for carnitine transport defects.
Whether carnitine supplementation is beneficial for
other defects of FAO is controversial. Carnitine may
displace toxic intermediates bound to CoA, thereby
liberating CoA to participate in other metabolic reac-
tions and enhancing excretion of acylcarnitines.

Patients with later onset MAD deficiency (gluta-
ric acidemia Type II) may respond to high dose
(100–200 mg/kg/day) riboflavin supplementation.

Because defects in carnitine metabolism and FAO
may be asymptomatic, the siblings of probands should
be screened and parents should be counseled regard-
ing the autosomal recessive pattern of inheritance of
these diseases. Prenatal diagnosis may be available
depending on the specific disorder of concern.

DETERMINING THE CAUSE OF HYPOGLYCEMIA

The cause of hypoglycemia is often readily apparent;
for example, in the child with Type 1 diabetes mellitus
treated with insulin or when hypoglycemia occurs in
a child with fulminant hepatitis or Reye syndrome.
When the cause of hypoglycemia is not obvious,
following the diagnostic approach outlined below will
usually lead to the specific cause. Determining the
cause begins with a detailed history and physical
examination. Important features of the history and
physical examination are shown in Tables 8 and 9,
and a diagnostic algorithm based on key clinical and
biochemical features is shown in Figure 5. Infants
with hyperinsulinism who do not present in the new-
born period usually present within the first 6 to 12
months of life. Mild forms of congenital hyperinsulin-
ism may present for the first time in childhood or
adolescence. When hyperinsulinemic hypoglycemia
presents after infancy an islet cell adenoma (often part
of multiple endocrine neoplasia Type 1 syndrome)
should be suspected (293). GH and/or cortisol defi-
ciency usually presents in the newborn period or in
early childhood. Accelerated starvation usually
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presents at 18 months to five years old. Hepatome-
galy, ketosis, and metabolic acidosis suggests an
inborn error of metabolism, which may present either
in the neonatal period or later in infancy, usually

precipitated by cessation of overnight feeding or an
infection that interrupts the child’s normal feeding
pattern and causes catabolic stress.

Glucose meters are widely used in newborn nur-
series, emergency departments, and intensive care
units to screen for hypoglycemia. These instruments
are not consistently reliable at low blood glucose
concentrations; therefore, any value below 60 mg/dL
(3.3 mmol/L) should be confirmed by a laboratory
measurement of the plasma glucose concentration
(294,295). In addition, a simultaneous ‘‘critical’’ blood
sample should be obtained for the measurement of
hormones, metabolic substrates, and serum chemis-
tries (Table 10).

The first urine sample obtained after the episode
of hypoglycemia should be tested for the presence of
ketones (ketotic vs. nonketotic hypoglycemia),
reducing sugars (suggest galactosemia or fructose
intolerance), and glucose using a glucose-specific
method. An aliquot should be saved and frozen for
possible later analysis of amino acids, organic acids,
and acylglycines after the initial laboratory investiga-
tions have been completed.

The initial laboratory evaluation should include
measurement of serum insulin to determine whether
the hypoglycemia is associated with a normal
(suppressed) or inappropriate hyperinsulinemia and
measurement of urinary ketones to determine if the
hypoglycemia is associated with ketosis. Absence of
urinary ketones or their presence in only trace or
small amounts, i.e., nonketotic or hypoketotic hypo-
glycemia, is characteristic of hyperinsulinism and
disorders of carnitine metabolism, disorders of FAO
and ketogenesis. The serum C-peptide concentration
is low or undetectable when hyperinsulinism is
caused by exogenous insulin administration
(e.g., Munchausen by proxy); but is increased when
hyperinsulinemia is caused by malicious administra-
tion or accidental ingestion of sulfonylureas (88,90).
If the serum insulin concentration is appropriately
suppressed (less than 2 mU/mL with a highly sensi-
tive insulin assay), the diagnosis is likely to be a
disorder of FAO. Encephalopathy is common at the
time of acute metabolic decompensation; the liver
may be moderately enlarged from acute fatty infiltra-
tion (microvesicular steatosis), and liver enzymes
(AST and ALT) and plasma ammonia levels are
increased during acute episodes of catabolic stress
(267,268). If a disorder of FAO is suspected, plasma
total and esterified carnitine, plasma (or filter paper)
acylcarnitines (286), and plasma FFAs should be mea-
sured, and urine analyzed for organic acids and
acylglycines (285).

Ketosis with hypoglycemia is a normal phy-
siological response to a falling blood glucose
concentration. The differential diagnosis of the hypo-
glycemic child with an appropriately suppressed
serum insulin concentration and ketosis can be
further delineated depending on whether or not the
liver is large (Fig. 5). Elevated levels of GH and

Table 9 Findings on Physical Examination

Examination Possible causes

Short stature; growth failure GH deficiency, hypopituitarism

Microphallus GH deficiency, hypopituitarism

Midline facial defects GH deficiency, hypopituitarism

Cleft lip and palate

Single central incisor

Optic nerve hypoplasia

Abnormal skin pigmentation Addison’s disease

Large liver Glycogen storage disease

Disorder of gluconeogenesis

Galactosemia

Disorder of fatty acid b-oxidation

Disorder of carnitine metabolism

Tyrosinemia Type I

Macrosomia Beckwith-Wiedemann syndrome

Large tongue

Omphalocele/umbilical hernia

Visceromegaly

Horizontal grooves

on ear lobes

Hyperventilation Metabolic acidosis,

hyperammonemia

Odor Maple syrup urine disease, isovaleric

acidemia, 3-methylcrotonyl-CoA

carboxylase deficiency, multiple

acyl-CoA dehydrogenase

deficiency (glutaric acidemia

Type II)

Heart Disorder of fatty acid b-oxidation

Gallop or murmur Disorder of carnitine transport or

metabolismCardiomyopathy

Abbreviation: GH, growth hormone.

Table 8 History

Birth weight, gestational age, maternal health and medications

Symptoms of hypoglycemia at birth or during neonatal period

Prolonged neonatal jaundice

Age at onset of symptoms

Family history of hypoglycemia

History of consanguinity

Frequency of hypoglycemia

Temporal relationship to feedings

Less than 4 hours suggests a defect in glycogenolysis

or hyperinsulinism

10–12 hours suggests a defect in gluconeogenesis

or fatty acid b-oxidation

Specific content of feedings and relationship to onset of symptoms

Food intolerance or aversion

Unexplained infant deaths or sudden infant death syndrome in

family; Reye syndrome, cardiomyopathy, myopathy

Potential drug exposure (sulfonylurea, insulin)

Hypoglycemia after an adult party: alcohol ingestion

Recurrent ‘‘pneumonia’’: episodes of hyperventilation

from metabolic acidosis

Unusual odors, especially when sick
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cortisol exclude deficiency of these counterregulatory
hormones and obviate the need for further testing.
This is in contrast to random values that appear to
be inappropriately low during a spontaneous episode
of hypoglycemia, which do not constitute definitive
evidence of deficient secretion (161,162). Specific test-
ing must be performed.

A large liver suggests a GSD or disorder of glu-
coneogenesis (e.g., fructose 1,6-bisphosphatase
deficiency). The liver size is normal in patients with
accelerated starvation, cortisol deficiency, GH defi-
ciency, glycogen synthase deficiency, maple syrup
urine disease, and the other conditions listed in
Table 3. Transient enlargement of the liver during an
acute metabolic crisis can occur in organic acidemias,
FAO disorders, and in disorders of carnitine metabo-
lism, as a result of acute fat deposition in the cytosol
associated with impaired mitochondrial function.

A specific diagnosis of the cause of the hypogly-
cemia is usually evident from the analysis of the
results of the so-called critical blood sample obtained
at the time of hypoglycemia (Table 10) and application
of the diagnostic algorithm is shown in Figure 5. If the

laboratory data required to make a diagnosis are not
available, it may be necessary to perform a compre-
hensive evaluation of intermediary metabolism by
reproducing the conditions that caused the hypogly-
cemia. This involves measurement of hormones and
metabolic substrates that reflect carbohydrate, fat
and amino acid metabolism during a monitored fast
of specified duration depending on the age of the
child (37,288). Fasting may be hazardous and can even
be lethal in patients with a disorder of FAO. Before a
child is subjected to a monitored fast, first attempt to
rule out a disorder of FAO by measuring nonfasting
plasma acylcarnitines (by tandem mass spectrometry)
(286) and urinary acylglycines (285).

TREATMENT

Immediately after the critical blood sample has been
obtained, 0.3 g/kg glucose is injected intravenously
over 10 minutes to restore the plasma glucose concen-
tration to normal. A continuous infusion of 10%
dextrose solution at a rate of approximately 6 to

Table 10 Laboratory Investigation of Unexplained Hypoglycemia

Blood

Metabolites Insulin secretion Counterregulation Fatty acid oxidation Urine

Glucose Insulin Cortisol Free fatty acids Ketones

Lactate/pyruvate C-peptide Growth hormone Fatty acid profile Reducing sugars

Amino acids (alanine) Proinsulin Glucagon b-hydroxybutyrate Organic acids

Ammonia Insulin antibodiesa Epinephrine Acetoacetate Acylglycines

Uric acid Total and free carnitine

Serum electrolytes (anion gap) Acylcarnitines

pH, bicarbonate

AST, ALT, CPK

aMeasure insulin antibodies when serum insulin concentration is markedly increased.

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; CPK, cretine phosphokinase.

Figure 5 Algorithm for diagnosis of hypo-

glycemia.
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8 mg/kg/minute is given to maintain normoglyce-
mia. This rate of glucose infusion is usually
sufficient to reverse catabolism. The plasma glucose
concentration is monitored, and the infusion rate is
adjusted to maintain a level of approximately
80 mg/dL (4.5 mmol/L). Valuable diagnostic infor-
mation can be obtained from the response to
treatment. Infants and children with hyperinsulinism
characteristically require considerably higher rates
(14.5� 1.7 mg/kg/minute) of glucose infusion to pre-
vent hypoglycemia (127,296). In disorders of FAO,
administration of glucose at approximately 1.5 times
basal glucose production (10 mg/kg/minute) stimu-
lates insulin secretion, inhibits lipolysis, reverses the
acute metabolic disorder, and leads to a decrease in
liver size to normal over several days.

HYPOGLYCEMIA AND DIABETES MELLITUS

Hypoglycemia is the most frequent acute complica-
tion of the treatment of diabetes mellitus in children
and adolescents, and is the principal factor that limits
the ability to achieve normoglycemia (297–299).
Recent population-based data indicate that hypogly-
cemia continues to be a major problem for children
and adolescents with Type 1 diabetes; however,
insulin pump treatment may be associated with a
decreased risk of severe hypoglycemia while allowing
improved metabolic control to be achieved (Vol. 1;
Chaps. 6 and 7) (300).

Hypoglycemia results from the interplay of rela-
tive or absolute insulin excess and compromised
physiological defenses against falling plasma glucose
concentrations (299,301). Patients with Type 1 diabetes
mellitus are susceptible to hypoglycemia for many
reasons, including the nonphysiological nature
of insulin replacement therapy, the pharmacokinetic
imperfections of all insulin preparations, variability
in food intake and exercise, defective counterregula-
tory hormone responses to hypoglycemia (301),
and other reasons as shown in Table 11. Because the
glucagon response to hypoglycemia is lost early in
the course of the disease (302,303), patients with
diabetes mellitus are dependent on sympathoadrenal
responses to prevent or correct hypoglycemia
(299,301). Recent mild hypoglycemia blunts the
sympathoadrenal response to and symptomatic
awareness of subsequent episodes of hypoglycemia
(78,81,304,305) (Vol. 1; Chapters 6 and 7).

Causes of Hypoglycemia in Diabetes Mellitus

In addition to these pathophysiologic disturbances,
patient errors relating to insulin dosage, decreased
food intake, or unplanned exercise contribute to or
account for 50% to 85% of episodes of hypoglycemia
in children and adolescents (306–311). After several
years of living with diabetes, some patients and/or
their parents conduct their routine diabetes self-
care practices without carefully considering the

intricate interplay among insulin, food, and exercise
(312) (Table 11).

Symptoms and Signs

Symptoms of hypoglycemia are caused by neuronal
deprivation of glucose and are autonomic (sweating,
palpitations, tremor, and hunger) or neuroglycopenic
(difficulty thinking, confusion, drowsiness, behavioral
changes, speech difficulty, incoordination, seizures,
and coma) (313). Common signs and symptoms of
hypoglycemia in diabetic children are pallor, weak-
ness, tremor, hunger, fatigue, drowsiness, sweating,
and headache (306,314). In contrast to adolescents
and insulin-treated adults, autonomic symptoms are
less common in children less than six years old
(314). Autonomic and neuroglycopenic symptoms
reported by children and their parents tend to cluster,
which contrasts with adult patients, who are usually
able to distinguish between these two types of
symptoms. The coalescence of autonomic and neuro-
glycopenic symptoms in children may indicate that
both types of symptoms are generated at similar
glycemic thresholds. Because behavioral changes are

Table 11 Causes of Hypoglycemia in Diabetes Mellitus

Insulin errors (inadvertent or deliberate)
Reversal of morning and evening dose

Reversal of short- or rapid-acting insulin and

intermediate- or long-acting insulin

Improper timing of insulin in relation to food

Excessive insulin dosage

Surreptitious insulin administration, suicide gesture or attempt

Erratic or altered absorption
Inadvertent intramuscular injection

More rapid absorption from exercising limbs

Unpredictable absorption from lipohypertrophy at injection sites

More rapid absorption after sauna, hot bath, sunbathing

Diet
Omission or reduced size of meals or snacks

Delayed snacks or meals

Eating disorders

Gastroparesis

Malabsorption (e.g., gluten enteropathy)

Exercise
Unplanned moderate or intensive physical activity

Prolonged duration and/or increased intensity of physical activity

Failure to reduce the dose of basal insulin to

combat the lag effect of exercise

Alcohol and/or drugs
Impaired gluconeogenesis from excessive consumption of ethanol

Impaired cognition from use of ethanol, marijuana,

cocaine, other recreational drugs

Hypoglycemia-associated autonomic failure
Defective glucose counterregulation

Hypoglycemia unawareness

Miscellaneous uncommon causes of hypoglycemia
Adrenocortical insufficiency

Hypothyroidism

Growth hormone deficiency

Renal failure

Decreased insulin requirement in first trimester of pregnancy

Insulin antibodies
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a primary feature of hypoglycemia in children, this
difference from adults has important implications
for educating parents about the recognition of
hypoglycemia (315).

Hypoglycemia in diabetes is classified in terms
of its severity as either symptomatic or asymptomatic
(also referred to as biochemical hypoglycemia),
defined as plasma glucose less than or equal to
70 mg/dL, which is common. Symptomatic hypogly-
cemia is further classified as mild, moderate, or
severe (defined as requiring the assistance of another
person to administer carbohydrate or glucagon, sei-
zure or coma) (316). Most symptomatic episodes in
children and adolescents are mild (314). Parents are
usually alerted to the presence of hypoglycemia in a
young child by noting pallor, drowsiness, or unex-
plained irritability. By definition, cognitive deficits
do not accompany mild reactions, and older children
with mild hypoglycemia are able to treat themselves.
Mild symptoms abate within 10 to 15 minutes
after consuming an appropriate amount of rapidly
absorbed carbohydrate. Moderate hypoglycemia has
neuroglycopenic (e.g., headache, mood changes, irrit-
ability, decreased attentiveness, and drowsiness) as
well as autonomic symptoms. Young children require
assistance with treatment because they are often
confused; weakness and poor coordination makes
self-treatment difficult. Moderate hypoglycemia pro-
duces longer-lasting symptoms and may require a
second dose of rapidly absorbed carbohydrate. Severe
hypoglycemia is characterized by unresponsiveness,
unconsciousness, or convulsions and requires emer-
gency treatment with glucagon or IV glucose given
by an emergency medical technician in the field or
in a hospital emergency department.

Patients with longer duration of diabetes describe
a change in their symptoms over time, characterized
by reduced occurrence of autonomic symptoms and
increased frequency of neuroglycopenic symptoms
(drowsiness, difficulty concentrating, and lack of
coordination). Patients must learn to recognize
the change in symptoms to prevent severe
episodes (317). The blood glucose concentration at
which symptoms occur varies among patients.
This threshold may also vary in the same individual
as a consequence of antecedent glycemic control. As
plasma glucose concentrations decrease toward
normal, children and adults with chronically poor
glycemic control may experience symptoms of
hypoglycemia at plasma glucose concentrations well
above 70 mg/dL (318,319).

Impact of Hypoglycemia

Occasional, mild symptomatic hypoglycemia may be
the price one has to pay for near-normal glycemic control
(320–324); however, it must be recognized that cognitive
function deteriorates and motor processing speed slows
at low blood glucose levels even in the absence of typical
symptoms (325,326). The psychological reaction to

hypoglycemia can be frightening and extend beyond
the patient to include family, friends, teachers, and coa-
ches (327). Moderate and severe hypoglycemia is
disabling, affects school performance, and makes driv-
ing a car or operating dangerous machinery hazardous
(325,328–330). Repeated or prolonged severe hyperinsu-
linemic hypoglycemia can cause permanent central
nervous system damage (331), especially in very young
children (2,332). Fortunately, hypoglycemia is an
unusual cause of death in children with Type 1 diabetes
(333). Although diabetes is not typically associated with
reduced intelligence in children, subtle neurocognitive
impairments may develop if onset occurs before five
years (334), or the child has seizures from hypoglycemia
(335,336). The hippocampus is particularly vulnerable to
prolonged severe hypoglycemia (337–340). Repeated
severe hypoglycemia (more than three episodes and par-
ticularly when this begins before the age of five years)
negatively affects spatial long-term memory perfor-
mance (341). The neurocognitive sequelae of intensive
diabetes management in children whose brains are still
developing are still largely unknown. Preliminary find-
ings suggest poorer memory skills, presumably the
consequence of recurrent and severe hypoglycemia
(342). A recent study of children with onset of Type 1 dia-
betes before six years with a prospectively documented
history of seizure or coma were compared with their
peers with no history of severe hypoglycemia. There
was no clear evidence that episodes of seizures or coma
in early childhood resulted in cognitive dysfunction or
memory difficulties at the time of testing (343).

The confidence of the patient and members of the
patient’s family is often shaken after an episode of
severe hypoglycemia. The rational fear of hypoglyce-
mia may cause the patient or physician to change the
diabetes management strategy to avoid subsequent
episodes of hypoglycemia (344). Fear of hypoglyce-
mia, therefore, can become a barrier to attaining and
maintaining optimal glycemic control. Examples of
altered patient/family or physician behaviors that
result in worsening metabolic control include chronic
overeating or selection of inadequate doses of insulin
to maintain higher blood glucose levels that are per-
ceived as being safe (327,344–346). Concern about
nocturnal hypoglycemia causes more anxiety for some
parents than any other aspect of diabetes, including
the fear of long-term complications. Parents may fear
that an episode of severe hypoglycemia during the
nighttime may not be treated in a timely fashion or
that an episode could go entirely undetected and lead
to permanent brain damage or death (347).

Frequency of Hypoglycemia

The true frequency of mild (self-treated) symptomatic
hypoglycemia is almost impossible to ascertain
because mild episodes are quickly forgotten or are
not recorded. In a random sample of 47 children
attending a diabetes clinic, the average incidence of
symptomatic hypoglycemia was once every 33 days
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(range 0–5.2 times per month), and occurred more
frequently in children with the lowest glycated
hemoglobin levels (321). In a 12-month population-
based study, Aman et al. found that mild episodes
(managed by the child without assistance) occurred
in 97% of children and occurred at least once a week
in 53% (306). More recently, Tupola et al. prospec-
tively examined the frequency of hypoglycemia
[blood glucose less than 3 mmol/L (54 mg/dL)] in
161 children and adolescents predominantly treated
with multiple doses of insulin, who were asked to
document hypoglycemia episodes in a three-month
diary (314). Fifty-two percent of the clinic population
experienced episodes of hypoglycemia (0.6 hypogly-
cemia events per patient per month), of which 77%
were mild.

The literature is replete with reports of the fre-
quency of severe hypoglycemia in children and
adolescents with diabetes (300,307–311,320,322,323,
348–358). Various methods of collecting data and dif-
ferent definitions of hypoglycemia and methods of
insulin replacement make comparisons among the
reports difficult (359). For example, in some studies,
severe hypoglycemia is defined as loss of conscious-
ness, whereas others include children who required
assistance with treatment. In young children, all epi-
sodes of hypoglycemia require the assistance of a
third party for treatment regardless of the severity
of the symptoms. It is not surprising, therefore, that
the reported incidence of moderate or severe hypo-
glycemia in the pediatric diabetes population varies
widely. The incidence of severe hypoglycemia
varies from 3.1 (356) to 134 per 100 patient-years
(324); most studies document a range of 10 to 40 epi-
sodes per 100 patient-years (358–360). The adolescent
cohort of the diabetes control and complications trial
(DCCT) had a frequency of severe hypoglycemia of
27.8 and 85.7 episodes per 100 patient-years for the
conventional and intensive treatment groups,
respectively (323). It is also likely that severe hypo-
glycemia in pediatric studies has been
underreported. This is suggested by the fact that
the rate of severe hypoglycemia in conventionally
treated adolescents in the year before the DCCT
started was 15.7 per 100 patients, but increased to
27.8 per 100 patients during the course of the study,
whereas hemoglobin A1c did not decrease
(9.20%� 1.8% before and 9.76%� 0.12% during the
study) (298,323).

Many, but not all, studies have found an
increased frequency of severe hypoglycemia in
younger children (311,322,351,352,354,357,358) and
in association with lower hemoglobin A1c concen-
trations (308,309,320,322,323,351,352,354,356). Other
factors associated with a higher risk of moderate
and severe hypoglycemia are a prior history of severe
hypoglycemia (298,309,350,354), relatively higher
doses of insulin and low C-peptide secretion
(298,350,354,356), longer duration of diabetes
(310,352,355,358), and male gender (298,349,358).

Nocturnal Hypoglycemia

Hypoglycemia, often asymptomatic, frequently occurs
during sleep. Moderate and severe (with coma and
seizures) hypoglycemia is more common during the
night and early morning (before breakfast) than
during the daytime (352,361). In the DCCT, 55% of
severe hypoglycemia events occurred during sleep
and 43% occurred between midnight and 8
a.m.(298,361).

Studies of diabetic children and adolescents, in
the hospital or at home, in which blood glucose con-
centrations were measured frequently during the
night, show a high incidence (14–47%) of asympto-
matic hypoglycemia. Such episodes during sleep
often exceed four hours in duration (362–368). Up to
half of these episodes may be undetected because
the subject does not wake from sleep. The incidence
of hypoglycemia on any given night may be affected
by numerous factors, including the insulin regimen,
the timing and content of meals and snacks, and ante-
cedent physical activity (369). The highest frequency
of asymptomatic nocturnal hypoglycemia occurs in
children less than 10 years old (364,366–368). Low
blood glucose concentrations in the early morning
(before breakfast) are associated with a higher fre-
quency of preceding nocturnal hypoglycemia. This
knowledge is useful in counseling patients to modify
the evening insulin regimen and bedtime snack to
prevent more severe nocturnal hypoglycemia.

Sleep impairs counterregulatory hormone responses
to hypoglycemia in normal subjects and in patients
with diabetes mellitus (370,371). Because a rise in
plasma epinephrine concentration is normally the
main hormonal defense against hypoglycemia,
impaired counterregulatory hormone responses to
hypoglycemia explains the increased susceptibility
to hypoglycemia during sleep and high frequency of
nocturnal hypoglycemia in Type 1 diabetes. Asympto-
matic nocturnal hypoglycemia may itself result in
further deficits in counterregulatory hormone
responses (372). Thus, impaired defenses against
hypoglycemia during sleep may contribute to the
cycle of hypoglycemia, impaired counterregulatory
responses, and unawareness of hypoglycemia either
awake or asleep. Recurrent asymptomatic nocturnal
hypoglycemia is an important cause of hypoglycemia
unawareness, which, in turn, leads to more frequent
and severe hypoglycemia because of failure to experi-
ence autonomic warning symptoms before the onset
of neuroglycopenia (297,301).

Treatment

Most episodes of symptomatic hypoglycemia are self-
treated (except in preschool age children) with rapidly
absorbed carbohydrate such as glucose tablets, fruit
juices, soft drinks, candy, crackers, and milk. Glucose
tablets raise blood glucose levels more rapidly than
does orange juice or milk, and the dosage is easily
calibrated (373). Glucose tablets are the treatment of
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choice for children old enough to safely chew and
swallow large tablets. The recommended dose is
0.3 g glucose per kg body weight. The glycemic
response to oral glucose usually lasts less than two
hours (374). Therefore, unless a scheduled meal or
snack is due within an hour of the episode of
hypoglycemia, immediately after treatment with
oral glucose the patient should be given either a
snack containing both carbohydrate and protein or
a meal.

Severe reactions (unresponsiveness, uncon-
sciousness, or convulsions) require emergency
treatment with parenteral (IM or SC) glucagon. Buccal
and rectal administration of glucose is ineffective
(375). Parenteral glucagon is as effective in treating
severe hypoglycemia in children (376) as it is in adults
(374,377). Glucagon raises blood glucose levels within
5 to 15 minutes and usually relieves the symptoms of
hypoglycemia (374,377). In healthy adults (377) there
appears to be no important difference between the
effects of glucagon injected either SC or IM. Likewise,
symptoms of experimentally induced hypoglycemia
in diabetic children are relieved within 10 minutes
of giving glucagon either by SC or IM injection; and
mean blood glucose and plasma glucagon levels are
slightly but not significantly higher after IM than SC
injection (376). In diabetic children, both 10 and 20
mg/kg of glucagon relieve clinical signs and symp-
toms caused by insulin-induced hypoglycemia, but
the increment in blood glucose concentration after
10 minutes is less after the 10 mg/kg dose (1.1� 0.3 vs.
1.7� 0.7 mmol/L). However, after 20 and 30 minutes,
the differences in blood glucose concentrations are not
significant. Nausea and/or vomiting can be expected
to occur after the injection in a minority of children
who receive a dose of 20 mg/kg, but usually do not occur
after 10 mg/kg. Excessively high plasma glucagon levels
are more likely to cause nausea and/or vomiting (376).
The recommended dose, therefore, is 15 mg/kg to a
maximum of 1.0 mg.

The increase in blood glucose concentration after
glucagon administration is sustained for at least 30
minutes; therefore, it is unnecessary to repeat the dose
or force the child to eat or drink for at least 30 minutes.
Intranasal glucagon has a similar effect, but is not
available in the United States (378). In an emergency
department or hospital, the preferred treatment is IV
glucose (0.3 g/kg). Because the glycemic response is
transient after bolus administration of glucose, the
patient should continue to receive IV glucose infusion
until the patient is able to swallow safely.

If severe hypoglycemia was prolonged, and the
patient had a seizure, complete recovery of normal
mental and neurologic function may take many hours
despite restoration of a normal blood glucose level
(379). Permanent hemiparesis, or other neurologic
sequelae, is rare (380,381). The post-ictal period may
be complicated by headache, lethargy, nausea, vomit-
ing, and aching muscles.
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INTRODUCTION

Relative to glucose homeostasis, the neonate is con-
sidered to be in a transition between the complete
dependence of the fetus and the complete indepen-
dence of the adult. The neonate must become
independent after birth, balancing between glucose
deficiency and excess to maintain euglycemia. The
dependence of the conceptus on the mother for con-
tinuous substrate delivery in utero contrasts with
the variable and intermittent exogenous intake orally,
which is the hallmark of the neonatal period and
beyond. The maintenance of euglycemia especially
in the sick/or low-birth-weight (LBW) neonate is
difficult. This is especially true in the so-called micro-
premies [birth weight (BW)< 1000 g], who represent a
majority of the patient days in the neonatal intensive
care nursery (1). Maturation of neonatal homeostasis
is influenced by the integrity of the specific pathways
of intermediary metabolism important in glucose
metabolism. The heterogeneity, which is the hallmark
of neonatal glucose metabolism, is illustrated by the
multiplicity of conditions producing or associated
with neonatal hypo-and hyperglycemia. This rein-
forces the concept that the neonate is vulnerable to
carbohydrate disequilibrium. This topic has been the
subject of a number of recent evaluations (2–7).
Management of both hypo- and hyperglycemia dur-
ing the neonatal period should be a primary goal of
those caring for these neonates to insure the absence
of long-term sequelae (8).

NEONATAL EUGLYCEMIA AND HYPOGLYCEMIA

A prime example of the heterogeneity that exists in
neonatal glucose metabolism is that there are no uni-
form standards accepted for specific limits for
euglycemia. It is well accepted that glucose is the
major substrate for carbohydrate metabolism. At
birth, the maternal supply of glucose to the neonate
ceases abruptly. Although the neonatal plasma

glucose concentration is usually in the normoglycemic
range at delivery, its actual concentration depends on
factors such as the last maternal meal, the duration of
labor, the route of delivery, and the type of intra-
venous (IV) fluid administered to the mother.

As an example, Figure 1 depicts the mean
plasma glucose and insulin concentrations of
mothers and their neonates who received either no
glucose (Ringer’s lactate) (n¼ 14) or glucose (Ringer’s
lactate þ5% dextrose) (n¼ 15) as a bolus infusion dur-
ing anesthesia for elective cesarean section (9). Blood
samples for plasma glucose and insulin concentra-
tions were taken prior to IV fluid administration
and at the time of delivery. Corresponding samples
were taken from the neonate’s umbilical vein and
artery at 30 minutes and hourly after birth for four
hours. As noted in Figure 1, all mothers and infants
receiving glucose had hyperglycemia and hyperinsu-
linemia at delivery. The neonatal plasma glucose
concentration declined rapidly during the first four
hours of life. With one exception, all neonates evi-
denced normal plasma glucose concentrations
repeatedly and all were clinically asymptomatic.
The changes in the neonate following glucose
infusion to the mother reflect the differences that
can occur in the neonate, depending on the type of
IV infusion administered at delivery. After normal
delivery, the plasma glucose concentration declines
to approximately 50 mg/dL by two hours of age,
but equilibrates at approximately 70 mg/dL at 72
hours after birth.

Their data suggested that concentrations below
40 mg/dL or greater than 125 mg/dL are abnormal
after three days after birth. Critical adjustments are
required by the neonate in the first 72 hours after birth
to maintain glucose homeostasis.

Srinivasan et al. evaluated plasma glucose
concentrations in normal full-term neonates who
weighed between 2500 and 4000 g and were appropri-
ate for age between 37 and 42 completed weeks of
gestation (10). The predicted glucose concentrations



during the first week of life are noted in Figure 2. All
neonates were fed after three hours. The data indi-
cated that the nadir in plasma glucose concentration
is between one and two hours and that a significant
rise occurs during the third hour. The mean glucose
concentration in this study ranged from 50 to
80 mg/dL during the first week of life.

No similar evaluation of the limits of euglyce-
mia has been reported for the preterm neonate.
This difficult study is clearly necessary because of
the general lack of consensus that exists relative to
definition of euglycemia. What should be apparent
from this discussion is the variation not only in the
definition of euglycemia but also in the so-called
normal concentration of glucose at any particular
time. An obvious example of this latter situation is
noted in Figure 3. In the four types of neonates com-
monly cared for in a neonatal unit, the term
appropriate for gestational age (AGA), term small
for gestational age (SGA), preterm AGA, and pre-
term SGA, plasma glucose concentration changed
constantly and in an apparent random fashion (11).
This chapter will catalog the various causes of hypo-
glycemia as well as the mechanisms controlling
neonatal glucose homeostasis.

Definition of Hypoglycemia in the Human Neonate

Transiently low blood-glucose concentrations are com-
mon in the neonatal period and may be considered a
normal feature of adaptation to extra uterine life (12).
However, there is controversy involving the
definition, method/site of sampling, symptoms, sig-
nificance of asymptomatic status, management, and
its effect on neurodevelopmental outcome (7,13).
Koh et al., who surveyed the definition of hypoglyce-
mia in pediatrics textbooks as well as the opinion of
over 200 consultant pediatricians in the United
Kingdom, considered the controversy relative to
the definition (14). They documented substantial
variation in the definition of hypoglycemia not only
among the pediatricians surveyed but also among
caregivers within the same nursery.

One can postulate four possible approaches
to the definition of hypoglycemia in the neonate:
statistical, clinical, neurophysiological, and neuro-
developmental. First, from a statistical standpoint, if
a normally distributed curve of glucose concentration
exists for the healthy term and preterm neonate, a glu-
cose concentration less than 2 standard deviations of
the mean would represent hypoglycemia. Most term
neonates had blood-glucose concentration greater
than 30 mg/dL, whereas 98% of the preterm infants

Figure 2 Plasma glucose concentrations in term neonates weighing 2.5

to 4.0 kg. Source: From Ref. 10.

Figure 1 Plasma glucose and insulin concentration for mothers and the

neonates. Maternal I and II, samples obtained prior to fluid infusion and at

delivery of infants, respectively. Abbreviations: V, umbilical venous; A,

umbilical arterial samples; n, number of determinations. Source: From

Ref. 9.
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had values greater than 20 mg/dL. Hypoglycemia in
the preterm neonate (BW< 2.5 kg) was defined as
blood-glucose concentration of less than 20 mg/dL.
It has been suggested that an average lower limit of
95% CI for neonatal blood-glucose concentration is
probably 45 mg/dL or greater (10,15). However, gen-
eralization of this knowledge is an inaccurate
approach to the problem for multiple reasons. The
population studied in these reports varied relative to
the following: the source of the blood samples; the
methods of assay; whether blood or plasma glucose
concentration was measured (i.e., plasma glucose con-
centration is up to 18% higher than that of the blood)
(13); feeding schedules (i.e., early vs. late feeding);
whether the neonate was fed formula or breast milk
(i.e., formula induced a higher insulin response than
breast milk and may cause lower glucose concen-
tration in formula-fed neonates) (16); cross-sectional
versus longitudinal design; and other metabolic fuels
provided at the time of the study, among other issues.

Marconi et al. reported fetal glucose concen-
tration obtained during chordocentesis using venous
blood samples (17). We can extrapolate from the data
obtained at different gestational ages (GAs) that
venous blood-glucose concentrations ranged from 54
to 108 mg/dL (Fig. 4). That study is probably of great-
er importance and relevance to the healthy term and

preterm neonate. It is clear that blood-glucose concen-
tration was rarely less than 54 mg/dL. This is in
agreement with venous cord blood concentrations
reported from the neonate by Hawdon et al. that were
greater than 47 mg/dL (18).

Figure 4 Umbilical venous glucose concentrations and gestational age

for AGA pregnancies (n¼77). Dashed lines, mean ¼/-2 SDs of fetal glucose

concentration during pregnancy. Glucose concentrations are noted in mmol/

L. Each mmol/L of glucose¼18 mg/dL. Abbreviations: UMB VENOUS CONC,

umbilical venous glucose concentrations; AGA, appropriate for gestational

age. Source: From Ref. 17.

Figure 3 Plasma glucose concentration for the four groups of

neonates studied during the first nine hours of life. Abbrevia-
tions: SGA, small for gestational age; AGA, appropriate for

gestational age. Source: From Ref. 11.

Chapter 16: Hypoglycemia in the Newborn 331



Second, a clinical approach considers a glycemic
concentration to be safe, if clinical symptoms asso-
ciated with hypoglycemia (Table 1) are not observed,
or if these symptoms have disappeared at that concen-
tration. A classic report, published in 1959 and based
on this definition, continues to be influential in clinical
practice currently. In that report, clinical manifesta-
tions of hypoglycemia (i.e., including tremors,
irritability, limpness, apnea, seizures, and coma) were
observed at a glucose concentration of less than
25 mg/dL; these resolved by increasing the blood
glucose concentration to greater than 40 mg/dL (19).

There are many concerns with this approach,
including the observation of extremely low-blood
concentrations in asymptomatic neonates, especially
after glucose screening became a routine clinical prac-
tice. If we accept the argument presented in that
analysis, we should then consider these extremely
low blood-glucose concentrations, as observed in
the asymptomatic neonates, to be acceptable. The
nonspecificity of the symptoms associated with
hypoglycemia is another concern, especially when
these symptoms are also associated with many other
neonatal illnesses. Most of these studies did not evalu-
ate the availability of other energy substrates to the
neonate that may compensate for the lower glucose
concentration. The availability of other substrates
may have a protective effect on the brain.

Third, a neurophysiological definition of
hypoglycemia was introduced, based on alteration
of neurophysiological functions relative to different
glycemic concentrations. Koh et al. evaluated the
latency of the auditory-evoked response waveform,
based on the fact that the inferior colliculus has one
of the highest obligatory rates of glucose utilization
in the brain (20). They reported that as blood-glucose
concentration declines (i.e., below 47 mg/dL), the
latency between waves 1 and 5 gradually increased
until wave 5 disappeared. Restoration of wave 5
was documented when hypoglycemia was corrected;
however, it took a few hours, in some instances,
before this restoration was achieved. Among the 17
children they studied, there were only 5 neonates.
Other studies have failed to demonstrate similar effect
of hypoglycemia not only on auditory-evoked

response but also on electroencephalographic signals
as well as visual-evoked potential (21,22).

Fourth, an approach can be based on neuro-
developmental outcome of the neonate relative to
symptomatic or asymptomatic hypoglycemia. The
study reported by Lucas et al. provides the most help-
ful information in this area (23). In their study, 661
neonates, all preterm, were evaluated at 18 months
of age for neurodevelopmental outcome. Bayley
motor and mental developmental scores were blindly
assigned to the infants and then these scores were cor-
related with their neonatal glycemic concentrations.
Data were adjusted for gender, GA, BW, days of
mechanical ventilation, and other social risks. The
observed low-glucose concentration ranged from 9
to 72 mg/dL. These investigators demonstrated that
two-thirds of the neonates had a blood-glucose con-
centration of less than 47 mg/dL for a period of time
ranging from 3 to 30 days. They found the highest
regression coefficient at plasma glucose concentration
less than 47 mg/dL. A more important finding was
that if hypoglycemia (level< 47 mg/dL) existed for
five or more consecutive or separate days, the risk
of neurodevelopmental deficit (scores< 70) signifi-
cantly increased, regardless of the severity of
hypoglycemia during that time. They also suggested
that even at lower blood-glucose concentration, tran-
sient hypoglycemia was tolerated.

These data reflect the relative inability of the
clinician to diagnose hypoglycemia in the neonatal
period. However, there are enough data to support a
definition based on the above approaches to the
understanding of hypoglycemia in the neonate. A
blood-glucose concentration of 54 to 108 mg/dL may
represent a more desirable euglycemic range for the
term and preterm neonate including the micropremie.

Measurement of Neonatal Glucose Concentration

Problems in the definition of euglycemia are accentu-
ated by the lack of attention given to details of
measurement of neonatal glucose concentration. Fail-
ure to measure the glucose concentration rapidly
enough would allow red blood cell oxidation of glu-
cose, resulting in falsely low values. In the past,
Dextrostix1 was used, despite the caution that the
reagent strips were not intended for use with neonatal
blood. This point is moot because Dextrostix is no
longer on the market. However, we suggest that
abnormal values, obtained by any strip or meter
method either in the hypoglycemic or hyperglycemic
range, need to be corroborated with laboratory deter-
mination of glucose concentration prior to correction
of the suspected disequilibrium, unless the patient is
symptomatic (3).

Furthermore, more recent investigations allow
one to question if glucose strips should be used at
all. Several studies have evaluated various means of
assessing blood-glucose concentration. Lin et al. eval-
uated four glucose reflectance meters in use at the

Table 1 Signs and Symptoms Associated

with Hypoglycemia in the Neonate

Apnea

Bradycardia

Cyanosis

Tachypnea

Abnormal cry

Hypothermia

Hypotonia

Lethargy

Apathy

Jitteriness

Seizures
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time of their study (24). The manufacturers claimed
that these meters could reliably measure whole blood-
glucose concentrations as low as 20 mg/dL. To
determine whether the accuracy of the determination
would be affected by the technique of obtaining capil-
lary blood by heel stick, the investigators used cord
arterial blood from a separate group of neonates for
comparison. All blood was sequentially analyzed five
different times on each meter and the YSI analyzer.
Evaluation of the data showed that accuracy was
limited in heel stick blood whether one evaluated
the percentage of difference between the means
or the least-squares regression for all the meters
tested. The use of cord blood appeared to be associa-
ted with greater accuracy than the use of capillary
blood obtained by heel stick in the analyses. The rea-
son for the poor correlations with capillary samples
and the high variability in the values of blood-glucose
concentrations remains unclear. There was no
relationship between accuracy and reliability of the
various glucose reflectance meters. The Diascan S
meter, which seemed to have accuracy closest to that
of the YSI analyzer, was clearly not the most reliable
in comparison with the YSI analyzer. However, the
One Touch meter, which had the best reliability
among the four glucose reflectance meters tested,
was the least accurate. The investigators concluded
that contrary to the manufacturers’ claims, glucose
reflectance meters should probably not be used for
evaluation of capillary blood-glucose concentrations
in the high-risk neonate.

Holtrop et al. evaluated the sensitivity and
specificity of glucose oxidase peroxidase chromogen
test strips by comparing values of 272 samples of
serum glucose concentration with values obtained
by Chemstrip bG (25). The diagnostic sensitivity of a
test strip of 40 mg/dL or less, to predict a serum glu-
cose concentration of 34 mg/dL or less, was 86% with
78% specificity. The positive predictive value with a
21% prevalence of serum glucose less than or equal
to 34 mg/dL was 52% with a negative predictive
value of 95%. Fifty-eight of the serum glucose concen-
trations were/¼ 34 mg/dL, and the strips reported
values greater than 40 mg/dL in eight. The investiga-
tors concluded that more sensitive and specific
methods are required for the neonate.

More recent methods comparing bedside blood-
glucose testing with laboratory measurements for the
assessment of neonatal hypoglycemia continue to dem-
onstrate that low-sugar concentrations might be missed
(26). The Accutrend sensor glucose analyzer measure-
ments varied by more than 20% as compared with
quantitative laboratory measurements. The Glucometer
Elite XL device for point of care testing was found to
have a better sensitivity and specificity for hypoglyce-
mia detection at a threshold of 3.2 mmol/L.
Importantly, confirmation by valid clinical laboratory
measurements was recommended (27). The feasibility
of continuous glucose monitoring sensors in the neo-
natal intensive care unit is now being investigated (28).

GLUCOSE METABOLISM
Methods of Evaluation

Metabolic research in the human neonate is generally
limited by several basic ethical constraints, as
discussed in a recent review (29). First, the studies
must be noninvasive or minimally so. Second, blood
samples should be invariably small, particularly those
obtained from the very-LBW neonate. Third, given
the limited direct access to most organ systems, the
approaches used must allow extrapolation from
the sampled data to events occurring in otherwise
inaccessible areas. Fourth, the maximal information
possible must be obtained from any given study
owing to the difficulty of recruiting and the need to
study the smallest number of subjects necessary
to evaluate the proposed hypotheses adequately.

Many of the above constraints on perinatal
metabolic research have been reduced or eliminated
by methodological advances in the field. Kinetic stu-
dies utilizing stable isotopic tracers in conjunction
with mass spectrometric quantification have been
the most popular technique in investigating glucose
metabolism in the human neonate. This technique is
advantageous because both the substrate and the tra-
cer are measured simultaneously with high precision
and that minimizes measurement errors. The sample
size required for the measurement is small, compared
to other analytical methods, which is a major advan-
tage in studies performed in the neonate.

Kinetic studies have been long used to evaluate
glucose production and utilization (30–32), gluconeo-
genesis (33), oxidative and nonoxidative disposal of
glucose (34–36), insulin sensitivity via the euglycemic
hyperinsulinemic clamp (37), and other aspects of
glucose energy metabolism especially during total
parenteral nutrition in the human neonate (38).

Evaluation of Hepatic Glucose Production

During kinetic studies utilizing stable isotopic
methodology, glucose infusion, glucose absorbed
from the gastrointestinal tract, glycogenolysis, and
gluconeogenesis may collectively contribute to the
rate of glucose appearance in the metabolic pool
(i.e., plasma). Only the latter two variables reflect
the endogenous rate of glucose production, primarily
from the liver.

Measurement of the true rate of glucose pro-
duction usually gives a good estimate of the glucose
requirement of the body and the rate of its utilization
under basal conditions (39). To measure the true rate
of endogenous glucose production, the neonate has to
be fasted for at least three hours prior to the study,
resulting in minimal glucose being absorbed from the
gastrointestinal tract during the study. No exogenous
glucose should be infused during the basal period of
the study, except for the tracer isotope that is usually
infused at a very slow rate. In investigations involving
the micropremie (BW¼ 1000 g), the endogenous
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glucose production rate under basal conditions cannot
be measured for obvious ethical considerations.
The rate of glucose infusion, glycemic concentration
achieved, and the pancreatic b-cell response to the
infused glucose during any given study would
individually or collectively affect the measured rate of
glucose production. The dichotomy that exists in the
neonatal literature relative to the endogenous glucose
production rate response to plasma insulin concen-
tration, glycemic concentration and, correspondingly,
to the rate of glucose infused, is probably secondary to
many of these issues (40).

Our laboratory as well as others has previously
demonstrated, in the preterm neonate, that persistent
glucose production (glucose production 1 mg/kg/
min) exists during glucose infusion at rates similar to
or slightly greater than the basal glucose production
rate of the human neonate (i.e., 4–7 mg/kg/min)
(30,31,41). Developmentally this is in marked contrast
with the adult, in whom glucose production can be
suppressed when glucose is infused at a rate equal to
or slightly greater than the basal endogenous glucose
production rate (i.e., 2–3 mg/kg/min) (Fig. 5) (42).
Other investigators have suggested that plasma glu-
cose concentration of the human neonate, rather than
the rate of glucose infusion to the neonate, has an
important regulatory effect on the rate of endogenous
glucose production (43). When the results of glucose
kinetics studies in three groups of neonates (i.e., the

AGA term, the SGA term, and the LBW preterm
neonate) were combined, Kalhan et al. reported a lin-
ear and negative correlation between plasma glucose
concentration andendogenous glucose production (31).
Complete suppression of glucose production was not
achieved in their study.

We have previously studied, in a comparable
group of neonates, the glucose production response
to three different glycemic concentrations (150, 200,
and 250 mg/dL), utilizing the hyperglycemic clamp
technique (44). A significant reduction in the rate of
endogenous glucose production was observed in all
groups. Complete suppression of glucose production
was not consistent within or among the groups,
except in the 250 mg/dL group. To achieve this glyce-
mic level, glucose was infused at an average rate of
16 mg/kg/min.

The dichotomy in results also exists in studies
that involve the micropremie. Hertz et al. showed a
correlation between glucose production and glycemic
concentration in the very LBW (VLBW) neonate (43).
They reported a reduction in endogenous glucose pro-
duction at moderate glucose infusion rate. Complete
suppression of glucose production was achieved at a
relatively high glucose infusion rate and plasma
glucose concentration.

Other investigations that evaluated relatively
similar groups of VLBW neonates have reported a
higher glucose production rate and persistent glucose
production during glucose infusion. Sunehag et al.
studied 10 neonates born at less than or equal to
30 weeks gestation (41). They reported a persistent
glucose production during glucose infusion at two
consecutive rates of 1.7 and then 6.5 mg/kg/min.
Although there was incomplete suppression of
glucose production, it is evident that the neonate
can partly reduce endogenous glucose production in
response to higher rates of glucose infusion. A signifi-
cant correlation was found between glucose
production and plasma insulin concentration but
not with glucose concentration. The investigators sug-
gested that insulin plays a more important role in the
control of endogenous glucose production.

In two groups of smaller AGA neonates (GA,
25–27 weeks), Farrag et al. demonstrated persistent
glucose production when glucose was infused at
4 and 8 mg/kg/min. There was no significant corre-
lation between endogenous glucose production and
either glycemic concentration or plasma insulin con-
centration. At the higher glucose infusion rate
(8 mg/kg/min), the rate of endogenous glucose pro-
duction was almost double that reported by
Sunehag et al. The data were in agreement with those
reported by Keshen et al. and demonstrated a nega-
tive correlation between glucose production rate and
body weight in the VLBW neonate (33). Table 2
summarizes the results of these three studies.

Although there were differences among the data
sets (in weight, GA, glycemic concentration, and rate of
glucose infused), there is a general agreement that the

Figure 5 GPR for each neonate and adult during saline or glucose

infusion. Abbreviation: GPR, glucose production rate. Source: From Ref. 30.
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neonate is able, at least partly, to decrease the rate of
endogenous glucose production when receiving glu-
cose infusion. However, there is no agreement as to
whether glycemic concentration plays a more impor-
tant role in the control of hepatic glucose production
than plasma insulin concentration or vice versa.

Relative to the effect of insulin on glucose pro-
duction, Farrag et al. also reported in the preterm
neonate that endogenous glucose production persisted
during a wide range of insulin infusion rates (Fig. 6) (37).

In that study, the investigators applied the
euglycemic hyperinsulinemic clamp technique to
evaluate insulin sensitivity in the human neonate.
When insulin was infused at rates that ranged
from 0.5 to 4.0 mU/kg/min, which resulted in
physiological and pharmacological plasma insulin
concentrations (i.e., ranged from 10–89 mU/ml), only
a reduction of 41% to 58% of preinsulin glucose pro-
duction rate was achieved. In a subsequent study,
this concept was noted to be true for the term as well

as the smaller preterm neonate (28–31 weeks ges-
tation) immediately after birth and in the same
preterm neonate restudied after the conclusion of
the neonatal period (�28 days of age) (45). In that
study, endogenous glucose production was compar-
ably reduced by 36% to 60% during insulin infusion
at a rate of 2 mU/kg/min. This is again in marked
contrast with what is known to be the adult glucose
production response to insulin infusion. Our labora-
tory as well as others has demonstrated complete
suppression of glucose production in the adult at
low plasma insulin concentration and/or minimal
insulin infusion rate (30).

Many factors are known to play an important
role in glucose homeostasis: glucose infusion rate,
glycemic concentration, insulin, and contrainsulin-
regulatory hormones. There is no evidence that any
of these factors plays a dominant role in the control
of hepatic glucose production in the human neonate.
Most of the differences between the neonate and the
adult in glucose homeostasis are believed to be related
to the stress of labor (46). This concept is clearly
important in the transition, in the regulation of glu-
cose homeostasis, from the complete dependence of
the fetus to the complete independence of the neonate
in the immediate neonatal period (40). However, there
is evidence that these distinctive physiological and
metabolic differences between the neonate and the
adult continue through the neonatal period and for
months afterwards (13). There is also evidence that
this pattern of neonatal glucose homeostasis is con-
sistent with the ontogeny of the glucose transporters
(GLUTS), i.e., GLUT-2, which occurs both at the hepa-
tocyte and at the pancreatic b-cell (47).

Thus the control of glucose production in the
neonate is a complex process that is only partially
controlled by insulin and glycemic concentrations.
This unique response of the liver to insulin and glu-
cose may be of physiological relevance in the
human neonate. It is clearly important to ensure
adequate glucose delivery to the brain under differ-
ent metabolic circumstances. This may be of
particular importance for the neonate who lacks
the autonomy to do so during this critical stage of
development. The ontogeny of this process requires
further evaluation at both the physiological and
molecular levels. The developmental switch to an

Figure 6 Endogenous glucose production over time subdivided by the

various insulin infusion rates (i.e., 0.2, 0.5, 1.0, 2.0, and 4.0 mU/kg/min)

administered to the neonate, as well as the 2 mU/kg/min rate administered

to the adult. Abbreviation: SEM, standard error of the mean. Source: From

Ref. 37.

Table 2 Comparison of Three Studies Evaluating Glucose Production Rate in the Micropremie During Two Different Glucose Infusion Rates for Each Study

Reference Study weight (g)

Glucose infusion rates

(GIR1 and GIR2)

(mg/kg/min)

Plasma glucose

concentration (mg/dl)

Glucose production

rate after infusion

(mg/kg/min)

43 854� 51 GIR1¼ 6.2� 0.4 113� 12 1.67� 0.45

GIR2¼ 9.5� 0.5 136� 15 0.32� 0.07

41 976� 262 GIR1¼ 1.7� 0.2 65� 20 4.3� 1.3

GIR2¼ 6.5� 0.3 110� 23 1.4� 1.1

Farrag et al.,

in progress

708� 39 GIR1¼ 4.0� 0 58� 9 3.0� 0.8

677� 39 GIR2¼ 8.0� 0 83� 13 2.5� 1.0
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adult-like response, as has been demonstrated in
some of its aspects, most probably requires matu-
ration past the neonatal period (45,48).

Evaluation of Glucose Utilization

It is important to recognize that glucose is utilized by
a variety of tissues with different metabolic character-
istics (42). First, there are tissues that utilize glucose,
independent of insulin (e.g., brain). Second, there are
tissues that increase their glucose utilization with incre-
ments in plasma glucose concentration independent of
increments in insulin concentration (e.g., liver, gut, and
the red blood cell). Third are tissues dependent on insu-
lin for glucose utilization (e.g., adipose tissues and
skeletal and cardiac muscles). It is also important to
recognize that these tissues host different GLUTS that
are expressed in a tissue-specific pattern (Table 3).

The factors that control the gene expression and
function of these transporters probably dictate the
metabolic characteristics of the corresponding host
tissue (49). The ontogeny of these transporters within
any given tissue can explain some of the developmen-
tal differences between the neonate and the adult.
GLUT-1 is the predominant isoform of the fetus; it is
found in virtually all tissues (49,50). It has a very high
affinity for glucose and can effectively transport glu-
cose to organs across the blood–tissue barrier. This
may be crucial to meet the energy requirement of
the fetal tissues during this stage of rapid growth
and differentiation. After birth, GLUT-1 decreases
and other isoforms such as GLUT-2 in the liver,
GLUT-3 in the brain, and GLUT-4 in the muscle
increase (51,52).

There are two facilitative GLUTS involved in the
brain uptake of glucose. GLUT-1 is primarily respon-
sible for transport of glucose across the blood–brain
barrier, and GLUT-3 is responsible for the uptake of
glucose into the neuron. Evidence from animal stu-
dies suggests that GLUT-1 is downregulated by high
glucose concentrations, whereas GLUT-3 is not (50).
There is otherwise little information available relative
to the regulation of GLUT-3. Insulin regulates the
expression of GLUT-4 in insulin-sensitive tissues such
as adipose tissue and skeletal and cardiac muscle (49).

The effect of insulin is rapid and reversible, because it
primarily translocates intracellular vesicles of GLUTS
to the plasma membrane (53). This step can be rate-
limiting for insulin-induced glucose uptake under
most conditions (54,55). Except for GLUT-1, which is
abundant in fetal life and decreases after birth, some
of the other transporters appear to be developmen-
tally regulated. They are found in fetal tissues in
smaller amounts that increase after birth and reach
adult levels later in life (51,56).

On the physiological level, there is an agreement
that neonatal glucose utilization positively correlates
to the increase in glucose infusion, glycemic concen-
tration, and plasma insulin concentration (37–39).
However, it is not clear when this positive correlation
would reach plateau in response to each of these fac-
tors. In the larger preterm neonate, we have
demonstrated that endogenous glucose production
is sensitive to low insulin concentration, reaches
plateau quickly, and then becomes nonresponsive to
higher insulin concentrations (Fig. 7) (37).

Relative to glucose utilization, although we
established a strong positive correlation between insu-
lin concentration and glucose utilization, a plateau
was not reached with insulin infusion up to 4.0 mU/
kg/min, which resulted in a plasma insulin concen-
tration of 89 mU/ml (Fig. 8) (37).

In a comparable group of neonates, we have
recently demonstrated that glucose utilization was
not significantly different among three groups of neo-
nates evaluated at three glycemic concentrations: 150,
200, and 250 mg/dL (37). We utilized the hyperglyce-
mic clamp technique in that study. To achieve these
glycemic concentrations, glucose was infused at an
average rate of 12.8, 14.4, and 16.0 mg/kg/min,
respectively. At least in this group of preterm neo-
nates, there was no added benefit, in terms of
glucose utilization (i.e., glucose utilization reached
plateau), in increasing glucose infusion from 12.8 to
16.0 mg/kg/min or glycemic concentration from 150
to 250 mg/dL. Similar studies will be important to
duplicate in the micropremie to determine the optimal
rates of glucose infusion and the appropriate glycemic
concentration for these neonates.

Oxidative and Nonoxidative Disposal of Glucose

It is important not only to evaluate the overall ability
of the neonate to utilize glucose but also to understand
how the utilized glucose contributes to energy metab-
olism. Glucose is generally utilized by either a
nonoxidative or an oxidative disposal (40,57). Nonox-
idative disposal represents glucose utilized for
structural or energy-storage purposes. Only glucose
utilized by oxidative disposal will contribute to the
energy expenditure of the neonate (57,58). In the pre-
term neonate, van Goudoever et al. evaluated the
contribution of glucose oxidation to total energy
expenditure at glucose infusion rate of 4 mg/kg/min
(59). They found that glucose was oxidized at a rate

Table 3 Distribution of Glucose Transporters

Glucose

transporter

isoform Primary site of expression Affinity to glucose

GLUT-1 All fetal tissues, erythrocytes

and blood-tissue barriers

High affinity (+++)

GLUT-2 Hepatocyte, pancreatic beta

cell and small intestine

Low affinity (+)

GLUT-3 Neurones and testis Highest affinity (++++)

GLUT-4 Adipose tissue, skeletal muscle

and cardiac muscle

Moderate affinity (++)

GLUT-5 Small intestine and sperm Fructose uptake (+)

GLUT-6 Pseudogene None

GLUT-7 Liver (endoplasmic reticulum) Unknown

Abbreviation: GLUT, glucose transporter.
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of 2.9 mg/kg/min, which represents 50% of the total
glucose utilized by the neonate. They concluded,
based on arithmetic calculations, that the contribution
of glucose oxidation to total energy expenditure was
limited. Other studies evaluating glucose oxidation
in the preterm neonate while receiving total parenteral
nutrition reported oxidation of up to 65% of total
glucose utilized (36,60). Because glucose represents
the main source of energy for the preterm neonate
during most of the neonatal period, it is important to
determine the extent of glucose oxidation and its
contribution to total glucose utilization. It is also
important to understand if the preterm neonate can
adapt to progressive increases in the amount of glu-
cose infused with corresponding increases in the rate

of glucose oxidation (61). This knowledge will assist
clinically in the determination of the optimal rate of
glucose infusion, which is the rate appropriate to the
neonate’s capacity to oxidize glucose.

To answer some of the above questions, we
evaluated glucose utilization, both oxidative and
nonoxidative, in the preterm neonate (48). We also
wanted to determine if hyperglycemia is partly
related to diminished glucose oxidation capacity in
the preterm neonate. We used stable isotopic infusion
of NaH13CO3, followed by [U-13C]-glucose, and then
analyzed breath and plasma samples to determine
glucose oxidation and total glucose utilization, respec-
tively. This was done over the range of glucose
infusion commonly provided clinically in neonatal
intensive care units (i.e., 4–8 mg/kg/min). We com-
pared the data obtained within the first four days
after birth to those obtained from the same neonate
at a postnatal age of at least one month at the same
glucose infusion rates. Thus, we could evaluate the
developmental contribution of glucose utilization,
both oxidative and nonoxidative, to glucose metab-
olism in the micropremie.

In that study, we established a significant linear
and negative correlation between glycemic concen-
tration and the percentage of glucose utilized by
oxidation. We also found that the percentage of glu-
cose oxidized was significantly higher in the
immediate neonatal period (68%) than that oxidized
at about five weeks of life (47%) by the same neonate.
This was true at both glucose infusion rates with each
micropremie serving as both subject and control at the
same glucose infusion (4.0 or 8.0 mg/kg/min). We also
found that, soon after birth, the micropremie was able
to oxidize significantly higher rates of glucose when
glucose was infused at a rate of 8.0 versus 4.0 mg/
kg/min. We found that the preterm neonates were

Figure 8 Regression plot correlating the percentage increase in glucose

utilization relative to plasma insulin concentration in the neonate. Source:

From Ref. 37.

Figure 7 (A) Percentage decrease in endogenous glu-

cose production and (B) percentage increase in glucose

utilization subdivided by the various insulin infusion

rates (i.e., 0.2, 0.5, 1.0, 2.0, and 4.0 mU/kg/min)

administered to the neonate, as well as the 2 mU/kg/

min insulin rate administered to the adult. Source: From

Ref. 37.
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able, soon after birth, to oxidize glucose at rates up to
7.5 mg/kg/min (95%, CI: 5.5–9.4 mg/kg/min) when
they received glucose infusion at a rate of 8 mg/kg/
min. The glucose oxidation rate may exceed the rate
of glucose infusion, reflecting the contribution of
endogenous glucose production to the total pool of
glucose available for oxidation. None of these neonates
developed hyperglycemia during glucose infusion at
8.0 mg/kg/min, and at that rate, blood-glucose con-
centration averaged 83� 14 mg/dL [mean (M)�
standard error of the mean] (48).

These results should encourage the use of glu-
cose infusion at a rate of 8 mg/kg/min in the
preterm neonate after the first day of life: the study
age ranged from 27 to 96 hours. The clinical practice
of using as low a glucose infusion rate as possible in
the preterm neonate to avoid hyperglycemia limits
energy intake, not only from glucose but also from
fat and protein, because the composition of parenteral
alimentation is usually administered proportionally.
Hyperglycemia did not result from the rates of glu-
cose infusion employed in these studies. However,
the addition of fat and/or amino acids (AAs) can
increase the risk of this complication (29,62). The risk
of hyperglycemia should be weighed against the
benefit of providing adequate energy, especially when
insulin infusion has been shown to improve periph-
eral glucose utilization and enhance glucose
tolerance significantly in the preterm neonate (37,63).

We found nonoxidative disposal to be signifi-
cantly higher in the older neonates when they were
studied after the conclusion of the neonatal period
(the late study) compared to themselves when they
were studied in the immediate neonatal period (the
early study). It is important to recognize that
the metabolic state of the neonate is different during
these two periods. Early after birth, the caloric intake
of the micropremie is insufficient to satisfy his or her
energy expenditure, because he/she is in a catabolic
state. If the neonate is medically stable after the
conclusion of the neonatal period (i.e., similar to our
study population) and receiving adequate caloric
intake, he/she will be in an anabolic state.

The nonoxidative disposal of glucose represents
its utilization by different metabolic pathways (40,57).
In an anabolic state, lipogenesis is a major route for
nonoxidative disposal (36). Other nonoxidative path-
ways for glucose may include glycogenesis, cycling
in the pentose phosphate pathway, and/or formation
of a carbon skeleton for AAs (57,58,60). The extrauter-
ine developmental switch from a catabolic state (the
early study) to an anabolic one (the late study) during
the course of the current investigation can, at least in
part, explain the significant increase in the contri-
bution of the nonoxidative disposal of glucose to
total energy metabolism in the late studies. Other
factors, such as the change in the substrate available
for energy metabolism from primarily glucose to a
mixture of fat and carbohydrates, may play an equally
important role in that phenomenon.

CLINICAL ASSESSMENT
Incidence

It is not surprising that variations in the estimated
incidence of hypoglycemia exist in the neonatal
literature. Different reports vary relative to popula-
tions, definitions, screening methods, clinical status,
and strategies for nutrition and fluid management.
The incidence ranges from 7% to 57% based on these
variations (13).

General Pathophysiological and Metabolic
Considerations

The close relationship between maternal and fetal glu-
cose, the repetitive occurrence of wide swings of
neonatal glucose concentration, and the retarded dis-
appearance of an acute glucose load in both term
and preterm neonates indicate that the regulation of
neonatal carbohydrate metabolism is poorly deve-
loped 72 hours after birth, as shown several years
ago (64). The birth process brings the necessity of a
period of readjustment to allow subsequent control.
In the LBW neonate, especially, this adjustment is
delicate and may result in abnormal consequences.
We have already discussed the difficulties in the defi-
nition of hypoglycemia. One of the main clinical
difficulties with the definition is the nonspecific
symptoms, which include the signs and symptoms
listed in Table 1. These difficulties are compounded
by the occurrence of symptoms at different concentra-
tions of blood-glucose in different neonates and the
lack of a universal threshold below or above which
symptoms may occur (2,7).

During steady-state glucose metabolism, glucose
production equals glucose utilization, and glycemic
concentration is maintained within a narrow range.
A simplistic approach will attribute hypoglycemia to
decreased glucose production and/or increased glu-
cose utilization. As discussed earlier, the neonate, on
a per kilogram body weight basis, is able to produce
glucose at adequate rates. There is evidence that the
enzymatic pathways for glucose production via glyco-
genolysis as well as gluconeogenesis are intact in the
term and preterm neonate (40). It is also recognized
that the glycogen stores are limited in the preterm
neonate as glycogen accumulation primarily takes
place in the third trimester (13,40). Based on that, glu-
coneogenesis is the major route of glucose production
in these neonates.

The change in metabolic milieu that occurs at
birth, including the reduction of plasma insulin con-
centration as well as the elevation of cortisol,
catecholamine, and glucagon levels, favors the induc-
tion of gluconeogenesis. Of course, the clamping of
the cord and the termination of maternal glucose
supplementation initiate and enhance these changes.
The time necessary to induce and transcript the
involved enzyme’s protein of gluconeogenesis, in
metabolically functioning amounts (about two hours),
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coincides with the clinical observation that the lowest
blood-glucose concentrations in the neonate occur
between one and two hours after birth. The absence
of stored glycogen in the LBW neonate makes
hypoglycemia almost inevitable in the first few hours
after birth if exogenous glucose is not provided.

The brain is the major site of glucose utilization
in the neonate and the major site of concern as well.
The neonate has the greatest brain to body weight
ratio during human development. Some investiga-
tions have concluded that up to 90% of the glucose
produced is utilized by the brain, via oxidation (65).
Other investigations conclude that the entire amount
of glucose oxidized, in the term neonate, is insuf-
ficient to satisfy brain glucose requirements (66).
There is evidence that the neonatal brain utilizes
other metabolic substrates soon after birth, including
lactate and ketones (57,67,68). There is evidence from
animal and human studies that during hypoglycemia,
the brain reduces its glucose consumption by more
than 50% and increases its utilization of other sub-
strates (e.g., ketones and lactate) by 15-fold or
greater (57,68,69). There is also evidence that the term
neonate can efficiently mobilize similar substrates
during fasting (70). Furthermore, free fatty acids
(FFAs), glycerol, and ketone concentrations were
negatively correlated with blood-glucose concen-
tration in these term neonates (18). This ability to
mobilize other energy substrates to adapt to hypogly-
cemia has a protective effect on the brain.

There is evidence that the preterm neonate lacks
this protective ability (71). The lack of energy stores in
the form of glycogen, as discussed earlier, and adi-
pose tissue is prominent in these neonates. Although
fat cannot substitute glucose for brain energy metab-
olism, its mobilization and oxidation reduce glucose
uptake by other tissues and make more glucose avail-
able for the brain (13). Levistky et al. demonstrated
that nonesterified fatty acids and ketone body concen-
trations of the preterm infant are significantly lower
than those of the term infant (68). Moreover, preterm
infants with low blood-glucose concentrations did
not show increased ketone body concentrations, as
did their term counterparts. This discussion empha-
sizes that, in the micropremie, cerebral defenses
against hypoglycemia are limited, and prolonged
episodes, even of milder nature, of hypoglycemia
may have a more significant effect on the brain of
the preterm than that of the term neonate.

There is evidence, as reviewed by Simmons, that
the immaturity of GLUT-2 function in the hepatocyte
as well as in the pancreatic b-cell may play a role in
the pathophysiology of neonatal hypoglycemia (49).
GLUT-2 is a low-affinity GLUT that occurs only in the
hepatocyte and pancreatic b-cell. In the mature hepato-
cyte, the low affinity of this transporter allows glucose
release into the plasma in response to small reductions,
in plasma glucose concentration. This process is sensi-
tive even within the normal glucose concentration
range, resulting in maintenance of euglycemia.

In the newborn period, studies in multiple
species demonstrate that the hepatocyte expresses a
relatively high amount of GLUT-1 but relatively low
levels of GLUT-2 (47). Decreased GLUT-2 expression
may limit the hepatocyte sensitivity and responsive-
ness to changes in glucose and insulin concentration
during hypoglycemia (37). This is in agreement with
data from our laboratory demonstrating that the
preterm neonatal liver was nonresponsive to pro-
gressive increments in insulin rates of infusion and
plasma concentrations. We attributed this nonrespon-
siveness to insulin to intracellular mechanism(s) that
probably involve a defect in GLUT rather than insulin
receptors (37).

In the pancreatic b-cell GLUT-2, in concert with
glucokinase, functions as a glucose sensor that allows
the b-cell to recognize modest changes in plasma glu-
cose concentration and appropriately secrete insulin
(49,50). Although the b-cell of the neonate responds
to changes in the glycemic level, this process is dimin-
ished, in part due to decreased expression and/or
function of the immature glucose sensor, and in part
due to decreased activity of other metabolic linkages
in the b-cell. Thus, the immature glucose sensor in
the pancreatic b-cell may contribute to its inability to
downregulate insulin secretion during hypoglycemia.
There is evidence that this phenomenon is develop-
mentally regulated (50). This is in agreement with
reports suggesting that the basal insulin/glucose ratio
is significantly higher in the preterm than in the term
neonate.

Pryds et al. reported some evidence of increased
cerebral blood flow in preterm infants to support cer-
ebral metabolism during hypoglycemia (<30 mg/dL)
(72). They also reported decreased cerebral blood vol-
ume during restoration of hypoglycemia in the
preterm neonate (73). They concluded from these
observations and the rapidity of adjustment of cer-
ebral blood vessels to alteration in glucose
concentration that a cerebral glucose sensor exists in
the preterm neonate (74). They suggested that this
sensor functions by recruiting brain capillaries to
maintain adequate glucose transport to the brain
during hypoglycemia.

Causes of Hypoglycemia

A number of different classifications have been used
to categorize the various causes of hypoglycemia seen
in the neonatal period. Table 4 lists the mechanisms
known to be associated with hypoglycemia in the
human neonate. One or a combination of the follow-
ing three mechanisms generally causes neonatal
hypoglycemia: diminished hepatic glucose pro-
duction; depletion of glycogen stores; and increased
rate of glucose utilization. Extreme prematurity is a
prime example of hypoglycemia due to primary
failure to produce and/or store glycogen. Hypogly-
cemia secondary to depletion of glycogen stores is
evident in the prematurely born AGA and/or SGA
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neonate as well as the one with congenital heart dis-
ease. Increased rate of glucose utilization, without
hyperinsulinism, may explain the hypoglycemia seen
in the perinatally stressed and asphyxiated neonate,
cold-stressed neonate, and the neonate with conges-
tive heart failure (e.g., hemodynamically significant
patent ductus anteriosus and/or sepsis). The common
thread in all these conditions is poor peripheral
circulation and tissue perfusion associated with
hypoxemia and lactic acidosis. This will lead to
diminished mobilization of substrates as well as
energy-inefficient anaerobic glycolysis. Neonatal
hyperinsulinemic syndromes, including the infant of
a diabetic mother, can be associated with significant
and/or persistent neonatal hypoglycemia. Neonates
may also be hypoglycemic because of deficits in inter-
mediary metabolic pathways such as glycogen
storage disease Type I, fructose 1,6 diphosphatase
deficiency, or primary glucagon deficiency, reflecting
a series of hereditary metabolic and endocrinological
disorders in which hypoglycemia may be the initial
or most obvious presenting feature (Vol. 1; Chap. 15).

PRETERM AGA NEONATES

The AGA neonates born before term may develop
hypoglycemia. While the first report of this entity con-
cerned small for GA neonates (19), it has long been
documented that hypoglycemia also occurs in the
LBW AGA neonate. In 1968, Raivio and Hallman

reported a frequency of 1.4% of hypoglycemia in these
neonates (75). Fluge reported that as many as 14% of
AGA neonates evidenced neonatal hypoglycemia
(76). Transient neonatal hypoglycemia occurring in
infants with no clear risk factors may have long-term
effects on neurodevelopmental outcome (77).

The diminished oral and parenteral intake in the
LBW neonate in combination with the decreased con-
centration of substrates may explain the lower plasma
glucose seen in these neonates and their propensity to
hypoglycemia. Indeed preterm infants remain at risk
for the development of hypoglycemia once they are
discharged home if a feeding is omitted or delayed
(78). Functionally immature gluconeogenic and glyco-
genolytic enzyme systems present in the neonate
potentiate these difficulties. The relatively increased
size of the brain (13% of the body mass in the new-
born vs. 2% in the adult) may be responsible for
the greater proportion of glucose consumption
during periods of fasting. This effect is magnified
in the LBW neonate. However, there are a number
of perinatal factors that influence hepatic glucose-6-
phosphatase enzyme activity, including the mode of
delivery and the presence of pathogenic bacteria in
high vaginal bacterial swabs, among others (79).
Hepatic glucose production is essential to maintain
glucose homeostasis in newborns, though cortisol,
corticotrophin, and epinephrine levels are higher in
the infant with hypoglycemia, but insulin, glucagons,
and growth hormone do not differ from normoglyce-
mic infants (80). Infants born vaginally were found to
have higher plasma resistin levels compared with
those born by cesarean section (81). The association
among resistin, leptin, and anthropometric indexes
suggests that these hormones are gestationally related
and that high resistin levels at term gestation are
advantageous to the infant by promoting glucose pro-
duction and preventing hypoglycemia (81). Resistin
levels are also increased by the vaginal birth process.

SMALL FOR GESTATIONAL AGE INFANTS

Many centers have reported a relatively high fre-
quency of hypoglycemia in SGA neonates ever since
Cornblath et al. in 1959 described its occurrence in
eight infants born to mothers with toxemia (19).
Lubchenco and Bard (82), deLeeuw and deVries (83),
and others have all substantiated the occurrence of
hypoglycemia in these neonates. The neonatal man-
agement of the growth-restricted infant requires
special consideration to a number of other significant
morbidities in addition to hypoglycemia that are
usually present in such neonates. The contribution
of each of these may play a role in the alterations of
glucose homeostasis that lead to hypoglycemia (84).
The frequent comorbidities include asphyxia, mec-
onium aspiration, respiratory distress syndrome,
hypothermia, and polycythemia–hyperviscosity,
among others. It has long been known that toxemia

Table 4 Conditions Associated with Hypoglycemia in the Neonate

Mechanism and/or origin Condition, disease, and/or syndrome

Primary failure to produce

and/or store glycogen

Extreme prematurity

Depletion of glycogen stores Prematurity, intrauterine growth restriction/

small for gestational age, postmaturity,

and congenital heart disease/congestive

heart failure

Increased rate of glucose

utilization

Perinatal stress/hypoxia, cold stress, and

sepsis

Hyperinsulinemia Infant of diabetic mother, large for

gestational age, Rh incompatibility,

following exchange transfusion,

malposition of umbilical artery catheter,

nesidioblastosis, exposure to b-adrenergic

agonists and others

Inherited diseases Malformation syndromes (e.g., Beckwith–

Wiedemann syndrome), autosomal-

recessive hyperinsulinemia, inborn errors

of carbohydrate, protein, and lipid

metabolism

Endocrine deficiency Hypopituitarism, growth hormone deficiency,

glucagon deficiency, cortisol deficiency/

adrenocorticotropic hormone

unresponsiveness

Newly described syndromes Specific glucose transporter deficiency

(neuroglucopenia during euglycemia),

neonatal hyperinsulinemia-hypoglycemia

and isoimmune thrombocytopenia

association
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has been associated with hypoglycemia, and its inci-
dence has been shown to be highest (61%) in
neonates born to mothers with relatively low urinary
estriol, compared to a frequency of 19% in neonates
born to mothers with normal estriol levels (85).
Reduction in energy reserves in the form of decreased
glycogen deposition, combined with increased utiliza-
tion of substrate, may account for the appearance of
hypoglycemia.

Kliegman studied the effect of maternal
nutritional deprivation on fetal/neonatal metabolism
in dogs (86). Besides reduced fetal weight at term
(251� 7 vs. 277� 7 g), the growth-retarded pups evi-
denced lower glucose concentrations after three, six,
and nine hours of fasting, reduced plasma concentra-
tions of FFAs at 9 and 24 hours, and lower ketone
bodies at 24 hours compared to controls. Although
the systemic rates of palmitate and alanine turnover
were not affected, systemic glucose production
was reduced for three to nine hours after birth,
which resulted in the observed hypoglycemia. The
investigator speculated that reduced rates of gluco-
neogenesis from alanine and reduced oxidation of
fuels such as FFAs contributed to the hypoglycemia.
FFA recycling to triglyceride rather than oxidation
contributed to the observed hypoglycemia.

Plasma insulin and blood-glucose concentrations
were measured in umbilical venous samples from 42
SGA and 68 AGA fetuses by cordocentesis at 17 to
38 weeks of gestation (87). In the AGA fetus, plasma
insulin and the insulin/glucose ratio increased
exponentially with gestation, suggesting maturation
of the pancreas. The major determinant of fetal blood-
glucose concentration was maternal blood-glucose
concentration. The insulin/glucose ratio in the SGA
fetuses was lower than in the AGA fetuses, suggesting
that hypoinsulinemia in the former was the result of
hypoglycemia and pancreatic dysfunction. The degree
of SGA status did not correlate with plasma insulin or
the insulin/glucose ratio, which suggested to the
authors that insulin is not the primary determinant
of fetal size.

However, the endocrine regulation of human
fetal growth depends on the role of the mother, pla-
centa, and fetus (88). The placenta is the site where
growth-regulating hormones are processed, and pla-
cental transport responds as nutrient sensors (89).
Elevated circulating insulin-like growth factor–bind-
ing protein-1 is sufficient to cause fetal growth
restriction (90). The endocrine profile of children with
intrauterine growth retardation is altered; there are
low cortisol levels (91), and the serum adiponectin
levels are decreased in subjects born small for GA,
which determines insulin sensitivity (92). Although
this effect in adiponectin production and its insulin
sensitizing action remains to be elucidated at the mol-
ecular level, it strengthens the critical contribution of
the adipose tissue in the metabolic complications
associated with reduced fetal growth. In contrast,
ghrelin in preterm and term newborns remains

relatively constant at birth, between 23 and 42 weeks
of gestation, a phenomenon that may be beneficial to
stimulate appetite and thereby to maintain blood
sugar concentration during the most critical period
when nutrients from the mother are abruptly termi-
nated after birth (93).

Following bilateral maternal uterine artery lig-
ation, Bussey et al. studied the sequential changes
in plasma glucose, insulin, and glucagon concentra-
tions, hepatic glycogen, and phosphoenolpyruvate
carboxykinase (PEPCK) during the first four hours
in growth-retarded rat pups (94). Hypoglycemia
was noted in SGA pups compared to control (AGA
pups), as well as reduced hepatic glycogen stores
at birth. Plasma glucagon rose, but plasma insulin
fell. PEPCK levels did not rise ineither. The investi-
gators concluded that SGA pups developed
hypoglycemia because of limited glycogen stores
and retarded gluconeogenesis. They speculated that
delayed PEPCK induction in these animals may
result from inadequate glycogen release at birth or
decrease sensitivity to glucagon.

A number of studies have evaluated the
intermediary metabolism of substrate available
postnatally. A functional delay in the development
of PEPCK, thought to be the rate-limiting enzyme of
gluconeogenesis, in SGA neonates was suggested by
Haymond et al. (95). This was substantiated by
Williams et al., who studied the effect of oral alanine
feeding on glucose homeostasis in the SGA neonate
compared to AGA neonates (96). Oral alanine feeding
enhanced plasma glucagon in both groups, but stimu-
lated hepatic glucose output only in the AGA infants.

The effect of intravenously administered gluca-
gon on plasma AAs has been evaluated in various
types of neonates including the SGA neonate. SGA
neonates in the first hours of life had significantly
lower total AAs compared to a comparable group of
AGA neonates, although the response to glucagon in
the SGA neonates mimicked the control (AGA) group.
It was speculated that the inability of the SGA neonate
to extract specific gluconeogenic AAs could account
for the susceptibility to hypoglycemia in these
stressed neonates (97).

Twenty-five SGA neonates received 0.5 mg/day
glucagon to treat hypoglycemia (98). Of the 25, 20
responded within three hours with a rise in blood-
glucose to greater than 72 mg/dL. Five subsequently
required hydrocortisone to maintain euglycemia.
Rebound hypoglycemia occurred in nine, following
discontinuation of the glucagon. The response was
poor after maternal b-blockade. More recently, IV glu-
cagon infusions were successful in the treatment of
resistant neonatal hypoglycemia (99).

Mestyan et al. also evaluated the role of glucagon
by measuring 17 AAs before and during glucagon
infusion in normoglycemic and hypoglycemia SGA
neonates (100). In the normoglycemic group, most AA
concentrations declined significantly, but this did not
occur in the SGA neonates who were hypoglycemic.
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Although the effect was transient, these results reflect
the ability of glucagon to produce acute changes in
hepatic glucose homeostasis. This was demonstrated
in neonatal lambs between one and three days of age
with infusions of somatostatin alone, or which
received insulin and glucagon during a two-hour
interval. Plasma glucose concentration fell when both
insulin and glucagon were suppressed acutely, sug-
gesting that the latter is of importance in maintaining
glucose concentration during short-term fasting.
It was suggested that the ratio between the two
hormones acutely affected glucose homeostasis (101).

The secretion of glucagon and insulin has been
evaluated in SGA neonates. Both SGA and AGA neo-
nates, after being fed oral glucose and protein (1 g/kg
each after a four-hour fast), had similar secretion of
both pancreatic hormones. The investigators specu-
lated that the instability of glucose metabolism in
the SGA neonate resulted from the rapid fall of
glucose and probably because of a transient deficiency
of hepatic gluconeogenic enzymes, but not from
altered secretory patterns of the hormones (102).

The adequacy of the hormonal response was
reinforced in a study of glucose-infused SGA neonates
who were evaluated by stable isotope kinetic analysis.
Under stimulation of glucose infusion, the SGA neo-
nate and his AGA counterpart had similar regulatory
responses as well as functional integrity in handling
glucose during the second day after birth (103).

Using the newborn piglet model, Flecknell et al.
studied the effects of an IV glucose infusion on glu-
cose homeostasis in normal and growth-restricted
newborn piglets using non–steady-state tracer tech-
nique (104). Suppression of hepatic glucose output
was noted, but hyperglycemia (plasma glucose
>180 mg/dL) developed in the majority of study sub-
jects. The mechanism of the hyperglycemia was
thought to be failure to increase glucose utilization
in response to the glucose infusion.

The possibility of hormonal excess, producing
growth retardation, has been emphasized by Ogata
et al. (105). The investigators adapted methodology
to produce maternal hyperinsulinemia in a rat model.
This resulted in decreased concentrations of glucose
and AAs in both the mother and the fetus, which pro-
duced retarded fetal growth, limited hepatic glycogen
deposition, and delayed neonatal PEPCK induction.

Sann et al. evaluated the effect of hydrocortisone
on IV glucose tolerance (1 gm/kg) in eight term SGA
neonates compared to seven AGA neonates at mean
of 41 hours of age (106). The rate of glucose disappear-
ance was decreased in the SGA neonates compared to
control neonates. Plasma glucose concentrations were
similar in both groups, while plasma insulin concen-
tration did not change in the control group. After
hydrocortisone administration, plasma insulin con-
centration increased. The investigators concluded
that hydrocortisone induced a reduced peripheral
uptake of glucose independent of insulin secretion.
Congenital isolated adrenocorticotropic hormone

deficiency has also been recognized as a cause of
hypoglycemia and death in neonates (107). These
patients carried TPIT genes mutations, which may
be recognized in utero by measurements of maternal
serum estriol levels during the third trimester of preg-
nancy. This is important in families with a history of
infants who succumbed with hypoglycemia.
Additionally the infant born to a mother who was
on steroids during pregnancy may become hypogly-
cemic (Vol. 2; Chap. 8).

CONGENITAL HEART DISEASE / CONGESTIVE
HEART FAILURE

Hypoglycemia is a frequent complication of critically
ill patients requiring resuscitation care (108). Many
years ago, Benzing et al. reported on a series of
27 patients in whom the simultaneous occurrence
of hypoglycemia and acute congestive heart failure
was noted in association with congenital heart disease
(109,110). An inverse relationship has been noted
between the concentration of cardiac glycogen and
the level of maturity of the neonate, exemplified by
the low levels in the offspring of mammalian species
more mature at birth (i.e., human, monkey, sheep,
etc.). These reserves are rapidly depleted during
anoxia (111). Reduced dietary intake in association
with diminished hepatic glycogen resulted in
hypoglycemia. This has been further substantiated
by Amatayakul et al., who noted the association of
hypoglycemia with congestive heart failure in neo-
nates without significant heart defects (110). The
pathophysiology of hypoglycemia in cyanotic con-
genital heart disease was studied by Haymond et al.
(112). Six subjects were evaluated between 13 and 67
months of age. Glucose and alanine turnover studies
utilizing stable isotope labeling in these neonates were
compared to controls. A subtle defect in hepatic
extraction of gluconeogenic substrates was suspected,
possibly secondary to decreased hepatic blood flow. It
is apparent that the presence of either hypoglycemia
or congestive heart failure should be considered when
one or the other appears.

The interrelationship of hypoglycemia and pul-
monary edema has been emphasized. Unfortunately,
it was unclear whether the pulmonary edema was
secondary to the hypoglycemia or due to treatment
of the hypoglycemia, since D20W was administered
through an umbilical venous catheter into a branch
of the left pulmonary vein (113).

Nineteen neonates with symptomatic ventricu-
lar septal defect (VSD) were examined by means of
an IV glucose tolerance test and compared to 14 neo-
nates who were healthy (114). The VSD neonates were
growth retarded with lower weight for age and length
for age. Glucose tolerance was similar in both groups.
Plasma insulin concentration was low in the VSD neo-
nates, but insulin secretion, as measured by C-peptide
concentration, was elevated. The authors speculated
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that increased insulin extraction occurs in the liver,
but the mechanism was unknown. Hypoglycemia
may also result as a complication of indomethacin
therapy for patent ductus arteriosus in the very
LBW (115).

PERINATAL STRESS/HYPOXIA

Neonates who utilize glucose at an increased rate may
be prone to hypoglycemia. Because the LBW neonate
is subject to hypoxia, the combination of decreased
substrate availability and increased rate of utilization
may result in hypoglycemia. An increased rate of
anaerobic glycolysis in combination with an increased
rate of glycogenolysis is probably the underlying bio-
chemical mechanism. Two moles of adenosine
triphosphate (ATP) are generated by the Embden–
Meyerhof anaerobic pathway, whereas aerobic
oxidation results in 36 moles of ATP; thus, 18 times
more glucose is required to generate the same amount
of ATP. In addition, increased lactate production may
result in an associated acidosis. Beard has emphasized
the association between hypoxia and hypoglycemia in
the LBW neonate and noted increased metabolic
needs out of proportion to substrate availability
(116,117). The difficulties are all accentuated in neo-
nates who are unable to replace substrate from the
usual exogenous (oral) sources because of hypoxia
or other clinical problems. Metabolic acidosis and
lactic acidemia were noted during the first 24 hours
of life in 4 term and 11 preterm neonates whose
Apgar score had been 5 at one minute after
birth and who were fed oral glucose loads (118). Thus,
not only may endogenous stores be depleted but
also these neonates may be unable to tolerate an
exogenous load.

Another complication of perinatal stress is the
presence of hyperinsulinism. In a report by Collins
and Leonard, hyperinsulinism was noted unequivo-
cally in three SGA neonates and in three who were
asphyxiated (119). The cause of the hyperinsulinism
was unclear. However, it is known that acute pulmon-
ary edema may ensue with insulin overdose (120).

Jansen et al. undertook a further evaluation of
the metabolic effects of neonatal asphyxia (121). Using
a rat preparation, they showed that hypoxia drasti-
cally altered both metabolic fuel and glucoregulatory
hormone availability. They suggested that persistence
of the catecholamine surge and tissue hypoxia and
acidosis are responsible for the transient surge in glu-
cose and subsequent delay in decrease of insulin and
increase of glucagon in the asphyxiated neonatal rat.
That is consistent with the clinical observation that
the asphyxiated neonate’s initial glucose concen-
tration may be elevated and falsely reassuring.
However, it is not unusual for the neonate to drop
glucose concentrations to significantly hypoglycemic
levels soon after this initial surge. This emphasizes
the importance of careful monitoring of the

asphyxiated neonate’s blood-glucose concentration
in the first few hours of life, even if the initial values
were reassuring.

COLD INJURY AND SEPSIS

Hypoglycemia has been identified in neonates who
experience cold injury. Mann and Elliott described
14 neonates who suffered neonatal cold injury
following prolonged exposure to environmental
temperatures below 90�F (122). Marked hypoglycemia
was documented in three of six neonates in whom it
was measured. The hypoglycemia was presumed to
be the result of FFA elevation secondary to a cold-
induced norepinephrine response (123). Recognition
of the potential association of hypoglycemia following
cold stress should result in parenteral treatment,
if necessary, in conjunction with warming of the
neonate. In addition, this relationship needs to be con-
sidered in the evaluation of blood-glucose levels in
neonates with either temperature instability or who
are in a suboptimal thermal environment.

Close et al. evaluated the influence of environ-
mental temperature on glucose tolerance and insulin
response in the neonatal piglet (124). Temperatures
were maintained at 17�C, 24�C, and 33�C during
which an IV infusion of 1 g glucose/kg body
weight was administered. Rectal temperatures were
maintained in all of the piglets subjected to the two
higher temperatures but not the lowest one in which
6 of 18 became hypothermic. A higher glucose disap-
pearance rate was noted—KG: 2.00%/min and
2.32%/min was recorded for animals maintaining
homeothermic temperatures during 17�C and 24�C
temperature conditions compared to those kept at
thermal neutrality (1.66%/min). The insulin response
was comparable. During hypothermia, both KG:
0.76� 0.12%/min and the insulin response were
decreased. Glucose uptake by skeletal muscle
was increased in environmentally cold-exposed
homeothermic animals, resulting in an increased
metabolic rate.

Neonatal sepsis has been identified with
increased frequency in association with hypoglyce-
mia. Yeung noted the association in 20 of 56
neonates with signs of sepsis (125). He suggested that
inadequate caloric intake in these infected neonates
may predispose to hypoglycemia. The possibility of
an increased metabolic rate was considered, because
these neonates were infused with 100 kcal/kg/day
intravenously. A decreased rate of gluconeogenesis
has been documented in laboratory animals following
gram-negative bacterial infection (126). The possibility
of increased peripheral utilization because of
enhanced insulin sensitivity in sepsis has been con-
sidered (127). It is likely that one or more of these
factors will operate to produce the resultant hypogly-
cemia. In an experimental model in rats given
salmonella intraperitoneally leading to septic shock
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and hypoglycemia, polyclonal antitumor necrosis fac-
tor-a antibody ameliorated the hypoglycemia and
lactic acidemia and reduced the mortality rates (128).

HYPERINSULINISM: THE INFANT OF THE
DIABETIC MOTHER

Hypoglycemia following increased plasma insulin
concentration has now been associated with several
discrete disorders of the islets. It may be found in
the infants of diabetic mothers, neonates with hemoly-
tic diseases of the newborn, neonates with pancreatic
nesidioblastosis, discrete or multiple islet cell
adenomatosis, and neonates undergoing exchange
transfusion. The Beckwith–Wiedemann syndrome
should be considered along with other causes of
hyperinsulinemic hypoglycemia, b-sympathomimetic
treatment to the mother, following high umbilical
artery catheter placement, and following maternal
ethanol consumption.

The infant of the diabetic mother (IDM) is the
premier metabolic example of the morbidity that
may exist in the neonate secondary to maternal dis-
ease (i.e., diabetes). Although the IDM may have
greater morbidity than the neonate of the nondiabetic
woman, many infants of insulin-dependent diabetic
women experience an uneventful clinical course,
and even more infants of women with gestational
diabetes do well (129,130).

The obstetric and diabetic care for pregnancy in
diabetic women has improved over the years and this
has resulted in better outcomes for both the mother
and the infant. In theory, the more closely metaboli-
cally controlled the diabetic pregnant patient is, the
greater the potential for producing a normal neonate.
Since the early 1980s, it was shown that with
improved control of the disease, the perinatal mor-
tality, except for congenital anomalies, approached
that for the neonate born to a nondiabetic mother
(131,132). However, the improved maternal and fetal
outcome of diabetic pregnancy is usually achieved
in specialized centers caring for the diabetic mother,
but problems arise when transfers occur midpreg-
nancy (133). Recent reports continue to show that
even in Western countries, spontaneous abortions
may be as high as 17%, stillbirth’s rates are five times
higher, neonatal mortality 15 times greater, and that
infant mortality might be trebled as a result of diabetic
pregnancies (134). Additionally the pregnancy can
complicate diabetes. Retinopathy and nephropathy
may worsen (135,136), and preeclampsia and hyper-
tension may worsen (137). Fetal monitoring and
tight metabolic control of the diabetes are considered
mandatory, but there are limitations to the predictive
power of many fetal monitoring methods and a lack
of randomized trials to assess the validity of the inter-
ventions and protocols for use in the context of the
diabetic pregnancy (138). The best outcomes are
usually achieved in diabetic women who undergo

preconception planning and maximize their glycemic
control before pregnancy (139–141). Preconception
intervention is most beneficial as it positively impacts
the critical periods of embryogenesis and organogen-
esis. Malformation rates dropped from 14% to 2.2%,
and mortality rates dropped from 7% to 2%. Glycohe-
moglobin levels are lower in women who attend such
programs and correlate with better glycemic control
during conception.

Of special consideration is the pregnancy in ado-
lescents with Type 1 diabetes mellitus. In these
patients, medical intervention usually begins after
the critical period of embryogenesis and organogen-
esis, as planned pregnancies are not relevant for
most teenagers, and pregnancy is usually unintended
(142,143). Additionally the burgeoning public health
problem of overweight and obesity in children will
likely result in an increased incidence of metabolic
syndrome characterized by insulin resistance,
gestational diabetes (144), and Type 2 diabetes (Vol. 1;
Chaps. 9 and 11) with the undesirable consequences
when pregnancy occurs (145). Knowledge of the
character of the maternal diabetes, prior pregnancy
history, and complications occurring during preg-
nancy allows the physician caring for the neonate to
anticipate many of the potential fetal and neonatal
complications that are reported in the IDM (Table 5).
Macrosomia poses a major problem, ranging from
20% in gestational diabetes to 35% or more in pre-
existing diabetes.

It is generally considered that good glycemic
control of the diabetic women was not achieved or
that good was not necessarily optimal when altera-
tions occur in the offspring of a diabetic pregnancy.

Table 5 Neonatal Morbidities Associated with the Infant of the Diabetic

Mother

Asphyxia

Birth injury

Caudal regression

Congenital anomalies

Double-outlet right ventricle

Heart failure

Hyperbilirubinemia

Hypocalcemia

Hypoglycemia

Hypomagnesemia

Increased blood volume

Macrosomia

Neurological instability

Organomegaly

Polycythemia and hyperviscosity

Renal vein thrombosis

Respiratory distress

Respiratory distress syndrome

Septal hypertrophy

Small left colon syndrome

Transient hematuria

Transposition of the great vessels

Truncus arteriosus

Note: In addition oculoauriculovertebral sequence abnormalities occur

Source: From Ref. 146.
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Alternatively, it can be argued that there are other
metabolic fuels, besides glucose operating at different
developmental stages of pregnancy that account for
the etiopathogenesis of the whole syndrome of the
IDM. There has been increasing evidence to support
the theory that, in addition to sugar, other metabolic
fuels, from ketones to deranged lipid peroxidation,
may be responsible for the pathogenic mechanisms
of the congenital malformations, each playing a role
at crucial periods during development (134). Multifac-
torial influences at critical gestational stages may also
play a role in the development of macrosomia, respir-
atory complications, hypoglycemia, and the metabolic
disturbances of the diabetic pregnant woman. None-
theless a strict diabetes control begun as early as
possible should always be implemented (147).

Factors known to influence the degree of hypo-
glycemia in the IDM include prior maternal glucose
homeostasis and maternal glycemia during delivery.
An inadequately controlled pregnant diabetic will
have stimulated the fetal pancreas to synthesize exces-
sive insulin, which may be readily released.
Administration of IV dextrose during the intrapartum
period, which results in maternal hyperglycemia
(> 125 mg/dL), will be reflected in the fetus and will
exaggerate the normal postdelivery fall in plasma
glucose concentration. In addition, hypoglycemia
may persist for 48 hours or may develop after
24 hours. Fetal hyperinsulinemia is associated with a
suppressed concentration of plasma FFAs and/or
variably diminished hepatic glucose production in
the neonate (Fig. 9). Thus, not only is peripheral
glucose utilization increased due to hyperinsulinemia,
but hepatic glucose production is also diminished,
and other energy substrates are lacking as well (129).

Other factors that may contribute to the
development of hypoglycemia include defective
counter-regulation by catecholamines and glucagon.
The neonate exhibits transitional control of glucose
metabolism, which suggests that a multiplicity of
factors affects homeostasis. Many of the factors are
similar to those that influence homeostasis in the
adult. What is different in the neonate are the various
stages of maturation that exist. Prior work in conjunc-
tion with glucose infusion studies can be summarized
to suggest that there is blunted splanchnic (hepatic)
responsiveness to insulin in the neonate both in the
IDM and in the preterm and term neonate of the
nondiabetic mother, compared to the adult (30).

Of particular interest are the many contrainsulin
hormones that influence glucose metabolism. If
insulin is the primary glucoregulatory hormone, then
contrainsulin hormones assist in balancing the effect
of insulin and other factors. In the IDM, the
sympathoadrenal neural axis plays an important
role. Many studies have evaluated epinephrine and
norepinephrine concentrations in the IDM, and hypo-
glycemia may be secondary to an adrenal medullary
exhaustion phenomenon (148). Elevated concen-
trations of epinephrine and norepinephrine were

reported, although variation was markedly increased
in the IDM. The investigators speculated that hypo-
glycemia after birth may be secondary to adrenal
exhaustion, producing temporary depletion later in
the neonatal period.

Other factors related to sympathoadrenal
activity in the neonate may be of importance. In a con-
tinuing evaluation of the transitional nature of
neonatal glucose metabolism, both of insulin and of
contrainsulin factors, epinephrine was infused in
two dosages (50 mg or 500 mg/kg/min) in a newborn
lamb model, and glucose kinetics (turnover) were
measured with [6-3H]glucose. The newborn lamb
showed a blunted response to the lower dosage of epi-
nephrine infused. The investigators speculated that
the newborn lamb evidenced blunted responsiveness
to this important contrainsulin stimulus (149,150). It
is possible that if this occurs in the diabetic state,
it would partially account for the presence of hypo-
glycemia noted clinically.

Thus, the IDM is a prime example of the poten-
tial of glucose disequilibrium in the neonate. Because
of the transitional nature of glucose homeostasis in
the neonatal period in general, accentuation of the dis-
equilibrium may be enhanced in the IDM secondary
to metabolic alterations present in the diabetic mother.

Figure 9 GPR for the infant of the diabetic mother (chemical- and insulin-

dependent diabetic mothers) versus healthy control. The solid bar indicates

the mean rate of production within each group. Abbreviation: GPR, glucose

production rate. Source: From Ref. 30.

Chapter 16: Hypoglycemia in the Newborn 345



A great deal of work is necessary to appreciate fully
the operative mechanisms.

RH INCOMPATIBILITY AND HYPOGLYCEMIA

Hyperinsulinism has long been implicated as the
cause of the hypoglycemia seen in neonates with
severe Rh isoimmunization (151,152). These children
are invariably severely affected by their disease, with
profound anemia and hepatosplenomegaly at birth.
The shock and collapse seen on occasion may be
caused primarily by the profound hypoglycemia
and, under such circumstances, glucose administra-
tion in addition to measures taken to correct the
anemia may be critical. The IDM and severely Rh-
affected neonate share several pathological hallmarks.
In addition to the hyperinsulinism and islet cell hyper-
plasia, both show almost identical edematous
placental changes. Both have excessive islands of
extramedullary hematopoiesis in both liver and
spleen. Although this latter finding may be the result
of insulin stimulation, the precise cause of the hyperin-
sulinism itself in the Rh-affected neonate is uncertain.
It has been suggested that an increase in reduced glu-
tathione resulting from massive hemolysis of red
blood cells may act as a stimulus to insulin release.

EXCHANGE TRANSFUSION AND
UMBILICAL CATHETER

Hypoglycemia, although not often considered, may be
a significant problem following exchange transfusion.
In this connection, the exchange blood and its preser-
vatives are more critically important in the neonate, in
whom a double-volume washout is being undertaken,
than in an adult who is receiving 450 mL the blood/
preservative mixture to be diluted in a total 5 L or
more solvent.

Heparinized blood contains no added glucose.
Moreover, the heparin, by raising the FFA levels, con-
tributes to the hypoglycemic potential of the
transfusion blood, so that under some circumstances
(e.g., severe Rh incompatibility with hyperinsulin-
ism), its use would be contraindicated unless a
concomitant IV glucose infusion is administered to
prevent and/or treat hypoglycemia (153). With
citrated blood, acid citrate dextrose or citrate phos-
phate dextrose, the added dextrose will yield a
blood preservative mixture containing as much as
300 mg % glucose. In this situation, although immedi-
ate hypoglycemia is not a problem, the high glucose
load may result in a reactive insulin response. This
response lags behind the glucose infusion so that
when the glucose bolus is suddenly terminated at
the end of the exchange procedure, a state of hyperin-
sulinism ensues. Studies performed 40 years ago
documented a precipitous two-hour postexchange fall
in blood-glucose to levels below that prior to the
exchange procedure (154). Once again, the severely
Rh-affected neonate is at greatest risk, but even

mildly affected and nonerythroblastotic neonates
who undergo an exchange transfusion may respond
in such a manner. Recognition of this possibility
should lead to its detection and treatment.

Another cause of relative hyperinsulinism was
reported secondary to malposition of an umbilical
artery catheter. In a neonate requiring supplemental
oxygen because of increasing respiratory distress,
hypoglycemia was relieved only when a high catheter
was repositioned from T11–T12 to L4. Following repo-
sitioning of the catheter, the child became euglycemic
(155). Malik and Wilson reported on two neonates
who developed hyperinsulinism secondary to malpo-
sition of the umbilical arterial catheter. Repositioning
resulted in creation of the hyperinsulinemia (156).
Puri et al. reported on the association of neonatal
hypoglycemia associated with position of an umbili-
cal catheter between the eighth and ninth thoracic
vertebrae that is the normal position. In this report,
the catheter was moved, and neonatal hypoglycemia
resolved (157). Three neonates were reported, whose
catheter were placed between the eighth and ninth
thoracic vertebrae. They were noted to have hypogly-
cemia, which responded to catheter withdrawal to the
third to fourth lumbar region. The investigators
speculated that the cause was a high streaming of
glucose to the celiac axis. The mechanism of the hypo-
glycemia was postulated to be excessive insulin
secretion following infusion into the celiac axis (158).
This was studied using a neonatal lamb model, and
the clinical suspicion was confirmed. The mechanism
was thought to be decreased production of hepatic
glucose secondary to the presumed increased portal
insulin, following high catheter placement (159).

Jacob and Davis studied differences in serum
glucose concentrations from different extremities in
neonates with umbilical arterial catheter through
which dextrose was being infused. Neonates without
catheter had no differences in simultaneous capillary
glucose concentrations, obtained from both lower
extremities, while neonates with catheters did. Neo-
nates with a high catheter did not. As expected, the
highest values were in those extremities into which
the catheter was placed. This is another study
pointing out the heterogeneity possible in glucose
determinations depending on the location from which
the blood is taken (160).

PERSISTENT HYPERINSULINEMIC HYPOGLYCEMIA

Persistent hyperinsulinemic hypoglycemia of infancy
(PHHI) consists of persistent neonatal hyperinsuline-
mia for more than several weeks (Vol. 1; Chap. 15).
Although the IDM is the premier example of
hyperinsulinemia in the newborn, the hyperinsuline-
mia is usually transient and resolves after few or
several days. PHHI is a heterogeneous group of
disorders and has been given a number of different
names in the medical literature (154,155): leucine-
sensitive hypoglycemia, nesidioblastosis (161–163),
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b-cell hyperplasia, congenital hyperinsulinism, and
discrete islet cell adenoma (164,165), or adenomatosis
(166,167). The term ‘‘leucine-sensitive hypoglycemia’’
disappeared when leucine was found to function as
an insulin secretagogue in patients with PHHI as well
as in the healthy infant. Nesidioblastosis (meaning
neoformation of islets) refers to the histological find-
ing of newly formed islets budding from pancreatic
ductal cells in histopathological specimens from
patients who have PHHI. These findings explain the
other names used in the literature to describe the syn-
drome of PHHI as discussed earlier. However,
controlled studies have since shown that these histo-
logical findings are not unique to PHHI patients.
Similar findings do exist in normal controls at differ-
ent stages of maturation and are quite prominent in
the term neonate (168).

PHHI is a heterogeneous disorder; it is charac-
terized by hyperinsulinemic hypoglycemia and
presents a varied clinical presentation, molecular
biology, genetic etiology, and response to medical
therapy (168). The biochemical profile includes hypo-
ketotic, hypofattyacidemic hypoglycemia. Until
recently, its pathophysiology was an enigma,
although it was thought to be due to an anatomical
abnormality of the islet of Langerhans, the so-called
nesidioblastosis (169). Several distinct genetic forms
of congenital hyperinsulinism have been described
(170–172). Most cases are caused by mutations in
genes coding for either of two subunits of the b-cell
KATP channel (ABCC� and KCNJ11) (168). Two histo-
logical subtypes of the disease—diffuse and focal—
have been described (Vol. 1; Chap. 15). Most patients
share a common target protein, the ATP-sensitive Kþ

channel, from gene defects in ion-channel subunits
to defects in b-cell metabolism and anaplerosis (170).
Until recently, congenital hyperinsulinism in infancy
was considered an orphan disease, but now is known
to share parallel defects in ion channels, enzymes, and
metabolic pathways that give rise to diabetes and
impaired insulin release. The treatment of these
patients must be prompt and aggressive (171).

Both autosomal recessive and autosomal domi-
nant forms of PHHI have been described (172,173).
The autosomal recessive form is common in Saudi
Arabia, with an incidence of 1:2675, most probably
due to high rates of consanguinity in that country.
Genetic mapping linked the disorder to chromosome
11p14 to 15.1 (172). This finding excluded the involve-
ment of glucokinase gene in chromosome 7 and/or
GLUT-2 gene on chromosome 3. Of particular interest
was that both the insulin gene and the Beckwith–Wie-
demann’s gene are located on chromosome 11. In
1995, the sulfonylurea receptor (SUR) was cloned
and mapped to chromosome 11p15 (174). Subse-
quently, some cases of PHHI were attributed to
mutations in the SUR gene (175). Absence of KATP
activity in the pancreatic b-cell has been documented
in patients PHHI (176,177). The absence of this func-
tion was attributed in some cases to SUR mutations,

but in other cases mutations other than that of the
SUR (e.g., inward rectifier Kþ channel defect) were
identified as well (177–179). Of clinical relevance is that
patients with PHHI who have these two later mutations
usually do not respond well to diazoxide therapy (180).

An autosomal dominant form of hyperinsulin-
ism in infancy has been reported in several families
(173). These patients usually have a milder variant
of the disease than those with the autosomal recessive
form. They often present after the neonatal period and
respond well to diazoxide therapy. Treatment has
been successfully discontinued after 2 to 14 years of
therapy in many patients. A mutation of the gluco-
kinase gene was reported in one family with an
autosomal dominant variant of hyperinsulinism
(181). Increased rate of insulin secretion was
attributed to greater affinity of glucokinase for glu-
cose, leading to higher rates of glycolysis.

Although rare in the neonatal period, insulin-
secreting adenomas have been reported in cases of
PHHI. They are usually resistant to diazoxide therapy.
Focal adenomatous hyperplasia (FoPHHI) as well as
diffuse b-cell hyperplasia (DiPHHI) has been describ-
ed (182). Differentiating between these two variants
of PHHI has important implications for therapy. Of
interest in the cases of FoPHHI is that a paternal uni-
parental disomy was confirmed (183). In these cases,
both alleles in the chromosome 11p15 region were
found to be from a paternal origin with loss of
maternal alleles. A similar defect was not found in
cases of DiPHHI. It is also fascinating to know that
uniparental paternal disomy was reported in some
cases of Beckwith–Wiedemann syndrome (184).

Reports described several years ago showed the
potential for hypoglycemia after b-sympathomimetic
tocolytic therapy, which has been used increasingly
to inhibit the premature onset of labor. A possible
explanation of the relationship involves increased
pancreatic secretion of insulin in response to a specific
glucose concentration (185,186). A prospective dou-
ble-bind study of 35 patients in preterm labor with
and without ruptured membranes was conducted.
Leake et al. evaluated the neonatal metabolic and car-
diovascular effects of Ritodine administration to the
mother (187). Patients received IV and/or oral rito-
drine or a placebo. The shortest time from drug
administration to delivery was six hours. No differ-
ences were noted in the Ritodrine versus the control
groups relative to glucose and cardiovascular deter-
minations. The investigators concluded that chronic
oral administration did not significantly affect the
neonate. In an investigation of the causes of the clini-
cal situation, a neonatal lamb model was used to
evaluate the drug (188). Administration of Ritodrine
produced both increased insulin secretion from the
b-cell and glucose production from the liver. It
would follow that the presence of clinical hypoglyce-
mia would depend on the time of administration prior
to delivery. However, severe hyperinsulinemic
hypoglycemia in infants born to mothers taking oral
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ritodrine therapy for preterm labor continues to be
reported (189).

HYPOGLYCEMIA FOLLOWING MATERNAL ETHANOL
CONSUMPTION AND MISCELLANEOUS CAUSES

The association between neonatal hypoglycemia and
maternal ethanol ingestion has been known. Singh et
al. evaluated glucose metabolism in neonatal rats
exposed to maternal ethanol ingestion (190). Blood
glucose concentration, liver glycogen, and plasma
insulin concentrations were decreased in ethanol-
treated mothers, as was litter size and average fetal
body weight. The pups from ethanol-fed mothers
evidenced hypoglycemia and hypoinsulinemia.
Within one hour after birth, an elevation in blood-
glucose concentration was followed by a decline to
hypoglycemic concentrations. Liver glycogen stores
were reduced and they were quickly mobilized. The
hypoglycemic tendency in pups of ethanol-treated
mothers disappeared after four days.

Witer-Janusek examined the effect of maternal
ethanol ingestion on the maternal and neonatal glu-
cose balance in a rat model (191). Controls included
an isocaloric liquid pair–fed diet or ad libitum rat
chow. Blood for glucose concentration and liver was
sampled on days 21 to 22, and pups were studied
up to 24 hours after birth. Ethanol depressed not only
maternal liver glycogen stores, but also liver glycogen
in the neonatal liver. Ethanol had no effect on plasma
insulin concentrations. Postnatal hypoglycemia could
be observed, following maternal ethanol ingestion.
Singh et al. evaluated the combined effect of chronic
ethanol ingestion in pregnant rats and three offspring
(192). Fetal body weight and liver weight were reduced
in fetuses of alcohol-fed mothers. Blood glucose concen-
trations were also lower, as was liver glycogen.

Isolated instances have been reported, which
mimic insulin excess and resultant hypoglycemia.
Zucker et al. have reported symptomatic neonatal
hypoglycemia in association with maternal admi-
nistration of chlorpropamide (193). This resulted in
stimulation of both maternal and fetal b-cells. Because
teratogenicity of the drug is a concern, its use is limited,
especially since it provides poor control of glucose for
the management of diabetes in pregnancy. Benzothia-
diazide (thiazide) diuretics have been implicated in
producing insulin secretion (194). It has been suggested
that these drugs produce elevated maternal blood-
glucose concentrations and result in stimulation of
the fetal islets with subsequent neonatal hypoglycemia.

Neonatal hypoglycemia has followed adminis-
tration of salicylates, the suggested mechanism
being an uncoupling of mitochondrial oxidative phos-
phorylation (195). Actavia-Loria et al. reported a
survey of the frequency of hypoglycemia in 165 chil-
dren with primary adrenal insufficiency (196). Of
these children, 118 had congenital adrenal hyper-
plasia, 47% had Addison’s disease, and 18% had
hypoglycemia. One-half of the episodes occurred in

the neonatal period. The episodes of hypoglycemia
were isolated in 13 children, 4 neonates with congeni-
tal adrenal hyperplasia, and in 1 male with 11B-OH
deficiency. A significant mechanistic correlation was
noted between plasma glucose concentration and
cortisol concentration during the episodes of hypo-
glycemia (Vol. 2; Chaps. 8 and 9).

BECKWITH–WIEDEMANN SYNDROME

In 1964, Beckwith et al. described a syndrome charac-
terized by omphalocele, muscular macroglossia, and
visceromegaly (197). Wiedemann almost simul-
taneously described a similar clinical picture in three
siblings (198). The cause of the syndrome remains
unclear, though it has been described to be more
prevalent in children conceived by invitro fertilization
(IVF) (199). De novo DNA methylation on the
maternal allele and the allele-specific acquisition of
histone methylation lead to aberrant Igf2/H19
imprinting in IVF-derived ES cells. This has been sug-
gested as the cause of imprinting errors that lead to
the development of this syndrome and in patients
with Angelman and Prader Willi syndrome. Abnor-
mal DNA methylation accompanies imprinting of
certain human genes on chromosome 11p15.5 in Beck-
with–Wiedemann syndrome and Wilms’ tumors and
on chromosome 15q11 to 15q13 in the Prader Willi
and Angelman syndromes (200). On pathologic exam-
ination, islet cell hyperplasia of the pancreas has been
demonstrated in these neonates. It was subsequently
shown that hypoglycemia may be an associated meta-
bolic component of this syndrome, occurring in
approximately 50% of cases reported, with hyperinsu-
linism responsible for both the hypoglycemia and the
somatic and visceral growth abnormalities. The hypo-
glycemia is ultimately self-limiting, but may be
protracted and difficult to control. In a patient with
resistant hypoglycemia and hyperinsulinism, Schiff
et al. (201) were ultimately able to achieve adequate
control of glucose levels with a combination of Sus-
phrine and diazoxide therapy, which suppressed the
release of basal and postprandial insulin. The neonate
presented at birth with an umbilical hernia, macro-
glossia, hepatosplenomegaly, and hyperinsulinism
and severe, persistent hypoglycemia. Normal glucose
control was achieved by one month of age. At six
months, somatic growth was normal, hepatospleno-
megaly had receded, but the macroglossia was still
present. At two years of age, growth was normal,
and the tongue, although still large, could be kept
within the mouth without any evidence of malocclu-
sion. Genetic mapping linked the disorder to a
defect in chromosome 11p15, as noted earlier (184).

DEFECTIVE GLUCONEOGENESIS/GLYCOGENOLYSIS

Hypoglycemia has been noted in neonates unable
to sustain normal gluconeogenesis. Glucagon is
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influential in hepatic glucose production because it
enhances glycogenolysis and gluconeogenesis. An
old report documented a neonate with isolated gluca-
gon deficiency and neonatal hypoglycemia (202). The
diagnosis was based on a low basal glucagon
concentration as well as a diminished response to
hypoglycemia and alanine infusion, both of which
are potent stimulators of glucagon secretion, in a neo-
nate in whom normal insulin secretion was present.
Vidnes has reported three neonates with persistent
neonatal hypoglycemia, one of whom evidenced an
abnormal subcellular distribution of PEPCK in the
extramitochondrial fraction (203,204). More recent
reports documented glucagon deficiency (205) and
were treated with glucagon given via subcutaneous
infusion system (206).

Galactosemia may present in neonates who are
septic and/or have hepatocellular jaundice. Later
(one month), galactosemic infants may present with
cataract formation. In some neonates, hypoglycemic
symptoms have been reported, and a positive
reducing test in the urine (to copper or iron) noted.
The usual biochemical defect is in galactose-1-
phosphate uridyl transferase. The diagnosis involves
the demonstration of a low true glucose concentration
(glucose oxidase) in the presence of normal total
hexoses, together with the determination of the enzy-
matic defect, which can be analyzed in both red
and white blood cells. Exclusion of milk and milk pro-
ducts (lactose) is the treatment of choice. Because
early intervention is preventive, routine neonatal
screening has been recommended, because it is inher-
ited as an autosomal-recessive condition (207).

Hereditary fructose intolerance may be
diagnosed in neonates who are old enough to
ingest fruits or juices. The major intolerance is due
to fructose-1-phosphate accumulation secondary to
fructose-1-phosphate aldolase deficiency. The hypo-
glycemia is secondary to an inhibition of hepatic
glucose release and absence of a hyperglycemic
response to glucagons, following ingestion or par-
enteral administration of fructose (208).

In neonates, inborn errors of metabolism can
produce all the major signs of liver dysfunction—
jaundice, coagulopathy, splenomegaly, ascites, and
encephalopathy. The significance of encephalopathy
in the neonate is different from that of older chil-
dren and adults; it is usually due to a specific
abnormality such as hypoglycemia, rather than
being a nonspecific indicator of liver failure (209).
The neonate with an inborn error often presents
with unconjugated hyperbilirubinemia, cholestatic
jaundice with otherwise normal liver function, hepa-
tomegaly with hypotonia, and cardiopathy (Vol. 1;
Chap. 17). The prompt diagnosis may lead to spe-
cific treatment often with dramatic results, e.g.,
withdrawal of galactose in galactosemia. Inborn
errors of AA metabolism, which may present as
hypoglycemia in the neonatal period, include
maple syrup urine disease, propionic acidemia,

methyl-malonic acidemia, tyrosinemia, and/or
3-hydroxy-3-methylglutaryl CoA lyase deficiency.
Disorders of fatty acid metabolism, which may
present as hypoglycemia in the neonatal period,
include medium-chain and long-chain acyl CoA
dehydrogenase deficiency (Vol. 1; Chap. 17).

Glycogen storage diseases that may affect gluco-
neogenesis in the neonate include Type I glycogen
storage disease (glucose-6-phosphatase deficiency).
The deficiency is an autosomal-recessive genetic
defect, which may occasionally present in the
neonatal period with severe hypoglycemia and
hepatomegaly. A second enzymatic defect, fructose-
1,6-diphosphatase deficiency, has also been associated
with hypoglycemia. The details of these alterations
are reviewed in other publications.

EVALUATION

Current perinatal clinical practice has significantly
reduced hypoglycemia associated with conditions
such as the use of glucose infusion during labor,
erythroblastosis fetalis, double-volume exchange
transfusion, cold stress, and delay of starting enteral
feed in the larger neonate or glucose infusion in the
LBW neonate. As noted with other diagnostic dilem-
mas in neonatology, a detailed maternal history and
thorough physical examination are required to deter-
mine the probable cause of neonatal hypoglycemia.
Maternal history including family history of diabetes
or other glucose intolerance, drug ingestion (chloro-
propamide, benzothiadiazide diuretics, salicylates,
and/or ethanol), blood group incompatibility, pre-
eclampsia or pregnancy-induced hypertension, and
the rate of dextrose administered to the mother dur-
ing labor should alert the physician to the potential
mechanism of the observed hypoglycemia.

A thorough physical examination of the neonate
will indicate if the neonate is AGA, SGA, or LGA, as
well as the GA. The appearance of the infant of the
well-controlled diabetic mother of classes A, B, and
C can usually be differentiated from that of the infant
of classes D, E, and F (who may be SGA). The neonate
with Beckwith–Wiedemann is usually obvious, with
evidence of a protuberant tongue, umbilical hernia,
and macrosomia. Prolonged jaundice and cataracts
are suggestive of galactosemia, as are reducing
substances in the urine, while unexplained hepato-
megaly may indicate glycogen storage disease.
Abnormalities, which may indicate central defects,
include abnormal genitalia indicative of pituitary
abnormalities and cleft lip and palate. Often the pres-
ence of an underlying defect is brought to the
attention of the clinician by an abnormal metabolite
detected through the neonatal screening program
(Vol. 1; Chap. 17).

Treating the underlying condition, providing the
optimal thermal environment, and supporting the car-
diocirculatory system, if indicated, are basic concepts
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in the management of hypoglycemia. Appropriate lab-
oratory evaluation should include the evaluation of
the following: glucose, insulin, growth hormone, cor-
tisol, and thyroid function. Evaluation of pH, lactate,
pyruvate, and ketones is indicated for glycogen sto-
rage disease. Studies are usually performed when
hypoglycemia is present or at a time following a fast
of at least three to four hours. Tolerance tests are
reserved for confirmation of suspected diagnosis such
as a glucagon tolerance test if glycogen storage disease
is suspected. Further details of the clinical evaluation
of the child with hypoglycemia are in Vol. 1; Chap. 15.

TREATMENT

Treatment of neonatal hypoglycemia begins with the
identification of its potential in the neonate at risk,
documentation of its existence by appropriate labora-
tory measurement, and determination of appropriate
corrective measures (210). Oral administration of
nutrients generally is advocated, as either 5% dextrose
or formula, in the neonate with mild hypoglycemia
(glucose concentration 35–45 mg/dL). It should be
used only in the neonate who is quickly able to
achieve and maintain a glucose concentration in the
euglycemic range during oral feedings. It is unreason-
able to expect that oral feedings alone will provide for
adequate glucose intake in the neonate whose hypo-
glycemia does not respond quickly to this approach.

In the case of moderate or severe hypoglycemia,
we advocate parenteral (IV) treatment with a constant
infusion pump to avoid fluctuations in the rate of
infusion that would result in irregular rates of
endogenous insulin release. Oral feedings should be
allowed as tolerated, whenever clinically appropriate.
Repeated documentation of blood or plasma glucose
concentration should be an integral part of the treat-
ment of any neonate. The glucose infusions should
be gradually reduced rather than abruptly termi-
nated, so that sudden reactive hypoglycemia is
avoided. Once oral feedings are initiated, evaluation
of the glucose concentration just before a subsequent
feeding provides an analysis of the neonate’s status.

Parenteral therapy should begin with 6 mg/kg/
min followed by graded increases to achieve euglyce-
mia with the minimal concentration of glucose
required. A peripheral vein rather than an umbilical
vessel is the preferred route of infusion (159).
However, other than in an emergency, rates greater
than 15 mg/kg/min should be given only when a
central venous line is being used. Rates greater than
25 mg/kg/min are usually contraindicated by either
route.

There is disagreement about the beneficial effect
of a glucose bolus prior to the administration of
continuous glucose infusion (211). Most authorities
appropriately agree that there is no place for a large
bolus (i.e.,�500 mg/kg or 5 mL/kg D10W) in the treat-
ment of hypoglycemia in the neonate, because of the

high likelihood of pancreatic b-cell stimulation and
rebound hypoglycemia (40). Some investigators (Lilien
and Hawdon) recommend a so-called minibolus of 2 to
3 mL/kg D10W (i.e., 200–300 mg/kg) given at a rate of
1 mL/kg/min and followed by continuous glucose
infusion at a rate of 5 to 8 mg/kg/min (Fig. 10)
(210,211). The currently popular approach involves
the infusion of 2 mL/kg 10% dextrose in H2O
(200 mg/kg) given over one minute, followed by a con-
tinuous dextrose infusion of 8 mg/kg/min. However,
the concept of the minibolus was challenged based
on the potential for hyperosmolar cerebral edema at
that extremely rapid administration rate, as reported
in older children (212). Additionally, at this high-
administration rate, glucose entry far exceeds glucose
uptake; the potential for provoking excessive insulin
secretion and inhibition of glucagon secretion may, in
fact, aggravate the existing hypoglycemia.

Based on this discussion, we recommend the use
of a minibolus (200 mg/kg or 2 mL/kg D10W, over
5–10 minutes) only in cases of severe hypoglycemia
(i.e., glucose concentration D 24 mg/dL), followed by
continuous glucose infusion at a rate of 6 to 8 mg/
kg/min. For milder cases or for improving (i.e.,
partial correction after an initial bolus) hypoglycemia
(i.e., glucose concentration of 25–45 mg/dL), a
continuous glucose infusion alone at a rate of 5 to
8 mg/kg/min is an appropriate approach. In all cases,
blood-glucose concentration should be closely moni-
tored every 30 to 60 minutes, and glucose infusion
rate should be gradually adjusted until hypoglycemia
resolves. Calculation of parenteral glucose therapy
must include the actual concentration of glucose
present in the administered fluids. A hydrated form
of dextrose (C6H12O6H2O) (molecular weight of 198)
is used by most manufacturers to prepare the par-
enteral fluid, so that the actual amount of glucose
available is approximately 10% less (213,214). This is

Figure 10 Plasma glucose concentrations in neonate treated with

200 mg/kg minibolus followed by 5 to 8 mg/kg/min constant infusion com-

pared with plasma glucose concentrations treated with constant infusion

alone. Source: From Ref. 211.
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of particular concern when very LBW or severely
hypoglycemic neonates are being treated. Lipid
infusion is also used to assist in the prevention of
hypoglycemia. Sann et al. evaluated the effect of oral
lipid supplementation on the prevention of neonatal
hypoglycemia in 28 LBW neonates whose mean GA
was 36� 1 week and whose BW was 1778� 230 g
compared to a control group of 23 neonates with com-
parable demographic data (215). Hypoglycemia
< 31 mg/dL occurred in 8 of 23 neonates in the
control group compared with 2 of 28 in the supple-
mented group receiving 2.9 g/day of a solution
containing 67% medium-chain triglycerides. Prospec-
tively, this study showed that lipid supplementation
can prevent the occurrence of hypoglycemia in the
LBW neonate.

A number of specific medications are usually
recommended when continuous glucose infusion at
a rate of greater than 15 mg/kg/min is not effective
in maintaining euglycemia (40). Corticosteroids have
been shown to be effective in the therapy of hypogly-
cemia. Although steroids enhance several glucose-
producing reactions, the major effect is probably that
of gluconeogenesis from noncarbohydrate (protein)
sources and decreased peripheral glucose utilization.
Hydrocortisone is given at a dosage of 5 mg/kg/day
either intravenously or orally every 12 hours, or pred-
nisone is used at a dosage of 2 mg/kg/day orally. As
with all forms of steroid therapy, a gradual dimin-
ution of the dosage administered should be followed
(Vol. 2; Chap. 8), in concert with decreasing paren-
teral concentrations of glucose and increasing oral
intake of nutrients, should successfully allow for
weaning.

The use of glucagon provides a highly effective
method of releasing glycogen from the liver and can
be a therapeutic means of assessing whether or not
the liver contains adequate stores. Its failure in some
growth-retarded neonates is considered to be evi-
dence for a lack of hepatic glycogen stores (84). In
the IDM, there is often a failure to respond to the
usual dosages (30 mg/kg), despite the presence of
more than adequate hepatic glycogen stores. These
neonates will frequently respond to higher dosages
(300 mg/kg) with a prolonged and sustained hyper-
glycemia, so that the higher dosage might well
be used as initial therapy. Because glucagon may
stimulate insulin release, its administration in all
probability should be accompanied by an IV glucose
infusion. The rate and risk of hypoglycemia in the
large-for-age newborn infant of nondiabetic mothers
is also high, and similar considerations to those
infants of diabetic mothers should be followed for
the treatment (216).

Like glucagon, epinephrine is capable of pro-
moting glycogen to glucose conversion, but in far
smaller quantities. For this effect, glucagon is the drug
of choice. The hyperglycemic potential of epinephrine
in blocking glucose uptake by peripheral muscle pre-
supposes an adequate blood level initially and is of

little practical benefit in the hypoglycemia state.
Epinephrine is a powerful anti-insulin hormone, a fact
that explains its success as an effective antihypo-
glycemic agent in the IDM as well as in other
hyperinsulinemic neonates. The agent most com-
monly used is a 1:200 epinephrine in aqueous
suspension (Sus-Phrine), which can be readily admi-
nistered subcutaneously (201).

In cases of transient or persistent hyperinsulin-
ism, diazoxide, Octreotide (217), calcium channel
blockers, and/or partial pancreatectomy have been
used as therapeutic modalities (Table 6).

It is important to summarize the metabolic
signals that lead to insulin gene transcription and
then insulin secretion by the pancreatic b-cell, so that
the mechanism of action of these therapeutic agents
may be understood. Glucose enters the b-cell via the
GLUT-2 isoform of GLUTS. Glycolysis begins with
glucokinase, which metabolizes glucose to glucose-6-
phosphate. Further glycolysis, including interactions
in the tricarboxylic acid (TCA) cycle, results in ATP
production. AAs and FFA also contribute to ATP
production through metabolism in the TCA cycle.
Different intermediate signals from glycolysis lead
to insulin gene transcription. Increase of the intra-
cellular ATP/ADP ratio activates the SUR. The
KATP channel then closes, the cell membrane depo-
larizes, and Ca2þ influx through the voltage-gated
calcium channel (VGCC) triggers insulin secretion.
Figure 11 depicts the metabolic signals involved in
insulin production and the sites of action for various
drugs used in the treatment of PHHI.

Diazoxide, in a dosage of 10 to 15 mg/kg/day
divided every eight hours, is the first drug of choice
in the hyperinsulinemic neonate who cannot be
weaned from IV glucose. Diazoxide causes hyper-
glycemia by stabilizing the b-cell KATP channel
in the open state, thereby inhibiting membrane depo-
larization and insulin secretion. An intact SUR and
inward rectifier Kþ channel are necessary for full
action of the drug. Insulin synthesis is uncompro-
mised by this therapy. A secondary hyperglycemic
mechanism is via stimulation of catecholamine; this
may reduce insulin secretion and counter its actions
peripherally as well. A response to diazoxide is
usually evident within the first 48 hours of therapy.
Diazoxide has several important side effects that
should be carefully monitored; in some cases,
the severity of these side effects may necessitate
termination of diazoxide therapy. Fluid retention,
hypertricosis, and coarse facial changes have been
reported. Diazoxide therapy can result in hyperglyce-
mia and even diabetic ketoacidosis, if the infant is
unable to secrete insulin appropriately during time
of stress. Uricemia, leukopenia, and thrombocytope-
nia are rare side effects of this therapy.

Diazoxide is effective in only 22% to 50% of the
patients with PHHI, and it is less likely to work in
patients presenting in the immediate neonatal period
(218–221).
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Somatostatin has a very short half-life (one to
three minutes), which prohibits its clinical use. Soma-
tostatin acts via a G-protein–coupled inward rectifier
Kþ channel. The activation of this channel results in

hyperpolarization of the b-cell, which inhibits Ca2þ

influx, thereby inhibiting insulin release (Fig. 4). The
synthetic analog octreotide, however, has a half-life
of 1.5 hours, and it has been successfully used at inter-
vals of up to six to eight hours in cases of
hyperinsulinemia. A starting dosage of 5 to 10 mcg/
kg/day produces favorable initial responses, but
because of the development of tolerance, the dosage
sometimes has to be increased to as much as
40 mcg/kg/day. Although Thornton et al. advocate
octreotide use as an adjunct therapy during the pre-
and postoperative period of partial pancreatectomy,
Glaser et al. demonstrated that aggressive octreotide
therapy alone was successful in almost 50% of the
cases of PHHI that were resistant to other medical
therapy (217,222). The side effects reported during
the course of therapy include vomiting, steatorrhea,
and abdominal distention; these were self-limiting
within the initial few weeks of therapy (223). Asymp-
tomatic cholelithiasis was reported, and concerns
relative to the effect of octreotide on other hormonal
axies require more careful evaluation.

Because Ca2þ influx is required for insulin
secretion, calcium channel blockers have been used
in the treatment of selective cases of hyperinsulinism.
Although there are few encouraging case reports in
the literature in which nifedipine was successfully
used as adjunct therapy for PHHI, further experience
is needed to assess the efficacy of this approach (224).

Surgical intervention is indicated when euglyce-
mia cannot be maintained by medical therapy alone
(Vol. 1; Chap. 15). A 95% pancreatectomy is the surgi-
cal procedure of choice. Medical therapy may need to
be continued postoperatively, if hypoglycemia per-
sists. If hypoglycemia persists despite added
medical therapy, as is the case in 5% to 25% of the
patients, a second surgery would be indicated to
remove 99% of the pancreas. Risks associated with
surgery other than failure to achieve euglycemia
include injury to the common bile duct, exocrine

Table 6 Therapeutic Modalities for the Treatment of Infants and Children with PHHI

Therapy Mechanism of action Dosage Efficacy and side effect

Diazoxide Opens KATP channels 5–20 mg/kg/day orally every 8 h Effective in 22–50% of cases
Hypotension, fluid retention, hyperuricemia, hypertrichosis,

coarse facial features, leukopenia, thrombocytopenia

Octreotide Activates a G-protein-coupled

inward rectifier Kþ channel

5–40 mg/kg/day subcutaneously

every 4–6 h

Effective in 25–80% of cases

Abdominal distention, steatorrhea, cholelithiasis, possible

suppression of other hormones: growth hormone, thyroid-

stimulating hormone, adrenocorticotropic hormone

Calcium channel blockers Inhibits Ca2þ influx via

voltage-gated calcium

channels

Nifedipine 0.25–0.7 mg/kg/day

orally every 8 h

Case reports suggest efficacy

Potential hypotension, lack of long-term experience

Surgery Reduction of b-cell mass Surgical removal of 95% of the

pancreas

Indicated in cases of failure of medical therapy, effective in
75–95% of cases

Immediate: injury to the common bile duct and other surgical

complications

Long term: failure to achieve euglycemia; diabetes mellitus

and exocrine pancreatic insufficiency

Figure 11 Metabolic signals involved in insulin gene transcription and

insulin secretion in the b-cell. Dashed lines represent pathways with inter-

mediate steps, GLUT-2, TCA cycle. The right side of the cell membrane

represents the sites of action for various drugs used in the treatment of

PHHI. Diazoxide binds to the SUR and opens the KIR. Somatostatin analogs

bind to the somatostatin receptor (R) and activate a with its a, b, and g sub

units. These two drugs serve to hyperpolarize the b-cell membrane, which

inhibits Ca2þ influx and therefore insulin secretion. Ca2þ channel blockers

inhibit Ca2þ influx through VGCC. Abbreviations: GLUT-2, glucose trans-

porter isoform 2; TCA, tricarboxylic acid; PHHI, persistent hyperinsulinemic

hypoglycemia of infancy; SUR, sulfonylurea receptor; KIR, inward rectifier

Kþ channel; GIRK, G-protein–coupled inward rectifier Kþ channel; VGCC,

voltage-gated calcium channel; R, receptor; ATP, adenosine triphosphate;

ADP, adenosine diphosphate; AA, amino acid; FFA, free fatty acid.
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pancreatic insufficiency, and diabetes mellitus. The
latter may be transient or persist (225).

This review has evaluated the current knowl-
edge of the kinetics of glucose homeostasis in the
neonate. Glucose production, glucose utilization,
and glucose oxidation have been reviewed in detail.
The relationship of the developmental regulation of
glucose homeostasis and some of the fundamental
differences known to exist in the neonate were com-
pared to the adult. The pathophysiological basis and
the clinical aspects of neonatal hypoglycemia were
discussed. Conditions associated with neonatal
hyperinsulinemia, including the IDM, were also com-
prehensively reviewed (226,227).
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INTRODUCTION

Baby JO was born full term, after an uneventful preg-
nancy and delivery. He had a normal physical
examination and was discharged home at 36 hours of
age. Twelve hours later, the mother noted poor sucking
and a weak cry. He was brought to the hospital and
found to be lethargic. A sepsis work-up was performed
and, as a blood gas revealed respiratory alkalosis, an
ammonium level was obtained. The value was
1600 mM (normal up to 80). Blood for plasma amino-
acids (AAs) was sent out and he was treated with
sodium benzoate, sodium phenylacetate, arginine,
and a high glucose infusion. Citrulline levels were
2300 mM and arginine dose was adjusted for the
treatment of argininosuccinic acid synthetase (AS)
deficiency. The patient improved and was discharged
after two weeks on a special diet. The family history
of JO revealed that a brother had died at five days of
age. He had also presented with poor suck and lethargy
early in life, was admitted into a hospital, had seizures,
and lapsed into coma. The diagnosis was sepsis.

This story shows two dramatically different
outcomes for two siblings who had the same dis-
ease. Inborn metabolic diseases (IMDs) are a group
of genetic disorders in which there is a block in a
metabolic pathway. They are usually the product
of a single gene defect that affects the activity of
an enzyme either directly or through abnormalities
in its cofactors or activating proteins. IMD comprise
a variety of disorders affecting the metabolism of
small (i.e., AAs) or large molecules (i.e., sphingoli-
pids). Many patients present with a catastrophic
collapse in the neonatal period. However, the age
and clinical presentation of IMD are highly variable.
Therefore a disease-free period of months or years,
or a subacute presentation does not rule out
the possibility of an IMD (1). A variable phenotype
can be seen in patients with the same enzyme
deficiency, and clinical heterogeneity has even been
observed between siblings carrying the same muta-
tions. Nevertheless, when possible, the molecular
defect of a patient should be identified. This infor-
mation is useful for prenatal diagnosis and, in
some cases, may allow predicting the clinical course

of the disease (genotype–phenotype correlation),
helping to find the best therapeutic option for each
individual.

The increasing availability of newborn screening
(NBS) programs using tandem mass spectrometry
(TMS) allows presymptomatic diagnosis and early
treatment of affected children, changing what we
know today as the natural course of the disease (2).

A complete description of the different IMD can
be found in excellent textbooks (3,4). In this chapter,
we will describe the most common IMD that can
present with acute, life-threatening illness, focusing
on the diagnosis and treatment of these emergencies.

UREA CYCLE DEFECTS
Pathophysiology: The Urea Cycle

High ammonium levels can be found in a variety of
diseases, but the most severe causes of hyperammo-
nemia are the urea cycle defects (UCDs) (Table 1).

The urea cycle prevents the toxic accumulation of
ammonium and other nitrogen compounds by incor-
porating nitrogen not used for protein synthesis into
urea. Each molecule of urea contains two atoms of
waste nitrogen, one derived from ammonia and the
other from aspartate (Fig. 1) (5,6). The urea cycle is also
responsible for the biosynthesis of arginine. Abnormali-
ties in the urea cycle produce hyperammonemia and
elevation of glutamine. The former may have a deleteri-
ous effect on the central nervous system (CNS) through
different mechanisms, including alteration in traffick-
ing of AAs and monoamines between neurons and
astrocytes, and deficit in cerebral energy metabolism
due to inhibition of 2-ketoglutarate-dehydrogenase (5–
8). Additionally, high levels of glutamine produce an
intracellular osmotic effect with secondary swelling of
astrocytes and increased intracranial pressure, leading
to cerebral edema encephalopathy (5,7–10).

There are five enzymes involved in the urea
cycle: carbamylphosphate synthetase (CPS), ornithine
transcarbamylase (OTC), arginosuccinic acid synthe-
tase (AS), argininosuccinic acid lyase (AL), and
arginase (Fig. 1). As N-acetylglutamate (NAG) is
required for the activity of CPS, the enzyme



responsible for NAG biosynthesis (NAG synthetase)
is also considered to be a part of the pathway (5,6).
Defects for each of these enzymes have been
described. Except for OTC deficiency, which is X
linked, inheritance in all UCD is autosomal recessive.

Clinical Presentation
Neonatal Form
Patients with UCD can present with symptoms from
birth to adulthood. The neonatal presentation is the
most common and is due to a complete deficiency of
NAGS, CPS, OTC, AS, or AL, which have almost iden-
tical clinical expression (5,6,11). These patients are
usually full term and have a normal physical exam at
birth. Between the first 24 and 72 hours, depending on
protein intake, the neonate presents with poor suck,
vomiting and hypotonia followed by lethargy, seizures,
vasomotor instability, hypothermia, and coma. Slight
liver enlargement and hyperventilation are also con-
stant findings. AS-deficient patients may present with
hypertonicity and trismus, and pulmonary hemorrhage
has been described as a complication of OTC deficiency
(6). If hyperammonemia is not detected, the patient
might die with a suspected diagnosis of sepsis, respi-
ratory distress, and/or intracranial bleeding (5,6).

Late-Onset Form

Clinical presentation beyond the neonatal period is
seen in approximately 40% of the UCD patients (12).
Clinical expression in this group is highly variable,
depending on the degree of the enzyme defect,
nitrogen intake, and endogenous

Table 1 Causes of Hyperammonemia

Inborn errors of metabolism
Urea cycle defects

N-acetylglutamate synthetase deficiency

Carbamylphosphate synthetase deficiency

Ornithine transcarbamylase deficiency

Argininosuccinic acid synthetase deficiency

Argininosuccinic acid lyase deficiency

Arginase deficiency

Organic acidemias

Propionic acidemia, methylmalonic acidemia,

isovaleric acidemia and others.

Fatty acid oxidation defects

Medium-chain acyl-CoA-dehydrogenase deficiency,

long-chain 3-hydroxyacyl-CoA-dehydrogenase and others.

Transport defects of urea cycle intermediates

Citrin deficiency

Lysinuric protein intolerance

Hyperammoniemia–hyperornithinemia–homocitrullinuria syndrome

Mitochondrial diseases

Mitochondrial DNA depletion, and others

Pyruvate carboxylase deficiency(neonatal form)

Hepatic glutamine synthetase deficiency

Glutamate dehydrogenase hyperactivity

(hyperamonemia and hyperinsulinism)

Acquired
Transient hyperammonemia of the newborn

Muscular hyperactivity (seizures, respiratory distress syndrome)

Infections with urease positive bacteria (skin, intestine, urinary tract)

Asparaginase treatment

Deficient arginine supply in diet

Valproate and other anticonvulsants treatment

Hepatocellular carcinoma

Liver insufficiency

Reye’s syndrome, infections, intoxication, etc.

Portocavashunt (liver bypass)

Vascular malformations, cirrhosis

Figure 1 The urea cycle and alternative

pathways of nitrogen excretion. Enzymes: 1,
carbamyl phosphate synthetase; 2, ornithine

transcarbamylase; 3, argininosuccinate synthe-

tase; 4, argininosuccinate lyase; 5, arginase;

6, N-acetylglutamate synthetase. Enzyme defects

are shown by solid bars across the arrows.

Source: Modified from Ref. 6.
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catabolism. Common presentations are intermittent
episodes of vomiting associated with headaches, irri-
tability, agitation, ataxia, and/or lethargy, sometimes
progressing to coma (5,6,12). Recovery of these epi-
sodes may be complete, or with different degrees of
neurological sequelae. These crises can be triggered
by an exogenous protein load or increased endogen-
ous catabolism (i.e., fever, fasting, steroid treatment,
surgery, etc.). A history of anorexia, poor weight gain,
and a self-imposed protein restriction is frequently
overlooked. Stroke-like episodes and central pontine
myelinolysis have been reported in patients with
OTC and CPS deficiencies (13–15). Hepatomegaly is
common in AS deficiency, and severe liver involve-
ment, mimicking a Reye’s syndrome, has been
described in several UCDs (5,6,12). Brittle hair (tri-
chorrhexis nodosa) is characteristic of AS- and AL-
deficient patients.

Female carriers for OTC deficiency can have a
similar variability in clinical presentation, ranging
from being completely asymptomatic to presenting
with severe neonatal hyperammonemia, due to the dif-
ferent degree of Lyonization in the hepatocytes (5,16).
Some of these women have presented with severe
hyperammonemia in the postpartum period (17).

Common misdiagnoses of the late presentation
of UCD include migraine, cyclic vomiting, esophageal
reflux, food allergies, behavioral problems, and
hepatitis (5,6).

Clinical presentation of arginase deficiency differs
from the other UCDs. The disease is characterized by
chronic encephalopathy progressing to spastic tetra-
plegia, seizures, and microcephaly. Episodic vomiting
and hyperammonemia are less common (5,18) and
neonatal onset has exceptionally been described (10).

Diagnosis

The most important biochemical finding in patients
with NAGS, CPS, OTC, AS, or AL deficiency is severe
hyperammonemia (usually greater than 300 mM),
with low blood urea nitrogen (BUN) and mildly
elevated transaminases. These abnormalities are
present in the severe neonatal forms, or during the
acute decompensation in the late-onset forms. It is
important to note that in common diseases of the neo-
natal period such as sepsis, seizures, or asphyxia,
ammonia levels rarely exceed 200 uM. Also, ammonia
can be falsely elevated (two to three times normal) if
specimens are not collected properly (on ice) and pro-
cessed immediately. Respiratory alkalosis, due to the
toxic effect of the ammonia to the respiratory center,
is another key to the diagnosis (5), but this sign is fre-
quently overlooked. More rarely, patients with UCD
can present with metabolic acidosis, probably second-
ary to dehydration. When severe hyperammonemia in
a sick neonate is found, samples for quantitative
plasma and urine AAs, acylcarnitines (ACs), urine
organic acids (UOA) analysis, and orotic acid should
be obtained as soon as possible. Diagnosis of the

specific blockade in the urea cycle is determined by
the AA and orotic acid results. Low or undetected
citrulline levels are present in NAGS, CPS, and OTC
deficiencies (Fig. 1) (5,6). Differential diagnosis among
these three conditions depends on the levels of orotic
acid. The latter derives from carbamyl phosphate,
which is diverted to the pyrimidine synthetic path-
way when accumulated. Therefore, orotic acid will
be absent in NAGS or CPS deficiencies (5,6) and
will be increased in OTC and, to a lesser degree, in
AS, AL, and arginase deficiencies. Additionally uracil,
another pyrimidine, may be found in the UOA of
these enzyme deficiencies. An oral N-carbamyl gluta-
mate (analog of N-acetyl glutamate) test is useful to
differentiate between patients with NAGS (who nor-
malize ammonia after the test) and patients with
CPS deficiency, who may need assessment of CPS
activity in hepatocytes for confirmation (6,11,19,20).

Patients with AS deficiency have markedly
increased citrulline levels (usually more than
1000 mM) and patients with AL deficiency have
milder elevations of citrulline (100–300 mM) and
increased argininosuccinic acid (5). The latter is
detected more easily in urine than in serum AAs.
Other abnormalities in the AA profile, common to
all of the above-mentioned enzyme deficiencies, are
increased glutamine, lysine, and alanine, due to non-
specific nitrogen accumulation, and decreased
arginine and ornithine, due to the impaired arginine
biosynthesis (5,6).

In arginase deficiency, in contrast, hyperammo-
nemia is uncommon and the AA profile shows a
marked elevation of arginine (18).

The most common differential diagnoses of UCD
are transient hyperammonemia of the newborn
(THAN), organic acidemias (OA), and fatty acid oxi-
dation (FAO) defects. Patients with THAN are
usually preterm babies who present in the first
24 hours of life with respiratory distress and severe
hyperammonemia (even higher than the UCD) (21).
Neonates with OA (mainly propionic and methylma-
lonic) classically present with metabolic acidosis with
high anion gap, ketonuria, and hyperammonemia.
The latter can be as severe as in the UCD. Exception-
ally, metabolic acidosis and ketonuria may be absent
but UOA and/or ACs are diagnostic (see section
Organic Acidemias). Children with FAO defects can
have mild hyperammonemia and neonatal presen-
tation. However, other distinctive features in these
patients, such as hypoketotic hypoglycemia and
severe liver or cardiac involvement, are useful to dif-
ferentiate them from the UCD patients. ACs are the
main tool for the diagnosis of FAO defects (see below).

Other causes of hyperammonemia are outlined
in Table 1 (5,6,22–24).

Diagnosis of UCD in patients out of crisis is
more difficult, especially for the female heterozygous
for OTC deficiency. AA levels in these female
patients are slightly different from normal controls
(17,25), but might still fall within the normal range,
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even during a mild crisis. Additionally, enzyme
activity measured in liver biopsy samples is unre-
liable in these patients (5). The allopurinol test is
useful for diagnosis and carrier detection, but it might
not be completely specific (5,25,26). When possible,
mutation analysis of the OTC gene should be done.
Even though the majority of mutations are private,
recent information allows establishing some degree
of genotype to phenotype correlations (27,28). This
information is also essential for prenatal diagnosis.

Treatment: The Acute Episode

For teaching purposes, we divide treatment of this
emergency into three areas: supportive therapy, ana-
bolism, and detoxification.

Supportive Therapy

A hyperammonemic episode is a life-threatening con-
dition with risk for severe brain damage. Protein
intake should be discontinued. A central line should
be placed for intravenous (IV) infusion and an arterial
line is useful for blood drawing and blood pressure
monitoring. The hemodialysis team should be alerted.
Blood samples for ammonium, blood gas, electrolytes,
BUN, glucose, and calcium should be obtained prior
to the beginning of the treatment and every four to
six hours thereafter. If intracranial pressure is
elevated, therapy with mannitol can be started. Corti-
costeroids should be avoided, because they will
produce protein catabolism (5). Many patients are
dehydrated due to the previous history of vomiting
and poor feedings. However IV fluids should be cau-
tiously given, as cerebral edema is frequently present
in severely ill patients. Infections should be searched
for and treated accordingly and inotropics may be
used as needed.

Anabolism

To decrease endogenous protein catabolism, calories to
cover at least the basal energy expenditure should be
provided (60 cal/kg/day in newborns) (29) but, when
possible, a higher caloric intake (100–120 cal/kg/day)
is desirable. This requires the use of a high glucose
infusion rate (GIR). The different GIR and calories
delivered using different concentrations of dextrose
can be seen in Tables 2 and 3. In less severely ill
patients, who can tolerate per oral (PO)/nasogastric
(NG) feedings, IV calories can be supplemented by
using one of the protein-free formulas available: Duo-
cal1 (SHS North America, Gaithersburrg, Maryland,
U.S.A.), Pro-Phree1 (Ross Laboratories, Columbus,
Ohio, U.S.A.), Mead-Johnson 800561 (Mead Johnson
Laboratories, Evansville, Indiana, U.S.A.). If the gas-
trointestinal (GI) tract cannot be used, IV lipids
(Intralipid1 Baxter, Ontario, California, U.S.A.) should
be given at 0.5 to 2 g/kg/day, as long as triglycerides
are not severely elevated.

Detoxification

Hemodialysis is the treatment of choice for severe hyper-
ammonemia and can usually normalize ammonium
levels in less than 24 hours (5, 30, and 31). If the former
is not possible, continuous hemodiafiltration, hemofil-
tration, peritoneal dialysis, or exchange transfusion, in
that order, are the alternatives (30,31). Pharmacologic
treatment with sodium benzoate and sodium phenyla-
cetate should be carried on until dialysis procedures
are available. These drugs provide alternative pathways
for nitrogen excretion. After esterified to their CoA
esters, sodium benzoate and phenylacetate will produce
hippurate and phenylacetylglutamine, respectively. The
latter two compounds are excreted through the urine,
diverting nitrogen from the urea cycle (Fig. 1) (5,32–34).
IV preparations, of sodium benzoate and sodium phay-
lacetate, recommended for the acutely ill patient, can be
obtained for emergency treatment through a pharma-
ceutical company (35). For CPS, OTC, and AS
deficiencies, both drugs are given with a priming
infusion of 250 mg/kg in 25 to 35 mL/kg over 90 to
120 minutes, followed by a sustaining infusion of
250 mg/kg given over 24 hours (5,34). Lower doses
(5.5 g/m2 in 400–600 mL/m2) are used in older patients.
It has been recommended that the priming infusion be
prepared in 10% dextrose (D10%); however, the result-
ing GIR infusion is very high (28–39 mg/kg/min), and
we have observed hypoglycemia with hyperinsulinism

Table 3 Calories/kg/Day Provided at Different GIRs

mg/kg/min cal/kg/day

4.0 19.6

5.0 24.5

6.0 29.4

7.0 34.3

8.0 39.2

9.0 44.0

10.0 49.0

11.0 53.9

12.0 58.8

13.0 63.6

14.0 68.5

15.0 73.4

16.0 78.3

17.0 83.2

18.0 88.1

Table 2 Glucose Infusion Rates (GIR) Calculated from Different Dextrose

Concentrations (D%) and IU Infusion Rates (cc/kg)

cc/kg D5% D7.5% D10% D12.5% D15% D20%

40 1.4 2.1 2.8 3.5 4.2 5.6

50 1.7 2.6 3.5 4.3 5.2 6.9

60 2.1 3.1 4.2 5.2 6.2 8.3

67 2.3 3.5 4.6 5.8 7.0 9.3

75 2.6 3.9 5.2 6.5 7.8 10.4

100 3.5 5.2 6.9 8.7 10.4 13.9

120 4.2 6.2 8.3 10.4 12.5 16.7

150 5.2 7.8 10.4 13.0 15.6 20.8

180 6.2 9.4 12.5 15.6 18.8 25.0
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as a result of the sudden change in IV glucose infusion
when the priming dose finishes. To avoid this problem,
we dilute the drugs in D5%. Repeat priming doses are
not recommended due to the potential toxic effect of
these drugs. It is also important that doses of the IV med-
ications be carefully calculated as cases of overdose with
toxic effects have been reported (36). The levels of these
drugs in blood should be measured when possible.
Alternatively, we have followed levels of benzoylcarni-
tine by TMS as a rapid and simple estimation of the
benzoate levels.

Sodium benzoate and sodium phenylacetate
provide 6.9 and 6.4 mEq of sodium per gram, respec-
tively. Therefore, the amount of sodium given to the
patient with both drugs in 24 hours will be appro-
ximately 6.7 mEq/kg. The use of these salts can
produce potassium loss (5), which, in association with
the increased cellular potassium uptake secondary to
the high GIR, may result in hypokalemia. Therefore,
serum electrolytes must be followed closely and IV
fluids adjusted accordingly. Nausea and vomiting
are frequent side effects of the treatment and could
be avoided by using antiemetics (5). As an alternative
to the IV medications, sodium benzoate can be given
via a NG tube. Recommended doses are up to
500 mg/kg/day (5,6,32).

Arginine, which becomes an essential AA in
UCD, should also be provided. The recommended
dose is 210 mg/kg/day for CPS, OTC, and AS deficien-
cies and of 660 mg/kg day for AL deficiency (4 and 12
g/m2 respectively, for older patients). It is also recom-
mended to give a priming infusion over 90 minutes
followed by a sustaining infusion of a similar dose,
given over a 24-hour period (5). An IV preparation of
arginine–HCl (10% solution) is available. Alternatively,
oral arginine can be given diluted in water via a NG
tube. A side effect of the treatment with arginine–HCl
is the development of hyperchloremic metabolic aci-
dosis, which may require treatment with sodium
bicarbonate (5). The use of potassium acetate, rather
than KCl, is useful to decrease the hyperchloremia
resulting from the arginine administration.

Long-Term Management

When ammonium levels are close to normal, protein
can be added to the parenteral nutrition at an initial
dose of 0.5 gm/kg/day. NG or PO feeds can be
started as soon as the clinical condition is stable.
Whole protein can be then provided by an infant for-
mula, increasing the intake gradually according to
ammonium levels. Protein tolerance varies from
patient to patient; in general 1 to 1.5 g/kg/day can
be given to newborns and young infants, but protein
tolerance decreases after six months of age. The use
of special formulas with essential AAs mixtures to
provide about 50% of the total protein intake is recom-
mended for OTC and CPS and could also be used in
AS and AL deficiencies. This approach is used to meet
the requirements for essential AAs and to reutilize

waste nitrogen for the synthesis of the nonessential
ones (6). To achieve the desired caloric intake (120–140
cal/kg for a newborn), the formula should be
supplemented with one of the protein-free formulas
available (see above). If the latter are not available, glu-
cose polymers and oil can be added to the formula as an
alternative source of calories. Requirements of minerals,
vitamins, and trace elements should be covered and
enough water has to be added to meet the patient’s
needs and to maintain the caloric density at 20 to
24 cal/oz. Hyperosmolar preparations may cause diar-
rhea. The diet should be frequently adjusted to ensure
weight gain and growth. Protein and calorie require-
ments per kilogram of body weight will decrease with
age and vary from patient to patient according to the
disease, growth rate, and residual enzyme activity.
Fasting plasma ammonium, branched-chain AA
(BCAA), arginine, and serum protein should be main-
tained within normal limits and plasma glutamine
should be below 1000 mM (5).

As carnitine deficiency may develop in patients
with UCD (32), carnitine should be given to these
patients (50–100 mg/kg/day, divided in three doses).
The dose should be adjusted according to free carnitine
levels.

When PO intake is satisfactory, the appropriate
medicines for long-term treatment (sodium phenylbu-
tyrate, arginine, and/or citrulline) can be given orally,
mixed with the formula. Sodium phenylbutyrate is con-
verted into phenylacetate in the organism and is twice
as effective as sodium benzoate on a molar basis;
recommended doses are 0.45 to 0.60 g/kg/day for
newborns and young children and 9.9 to 13.0 g/kg/
day for older patients (5,6,32). Sodium benzoate
0.25 to 0.5 g/kg/day can be alternatively prescribed.
These detoxifying agents might not be needed in AL
deficiency (5,6).

Arginine (free base) is given at a dose of 0.40
to 0.70 g/kg/day for young children and 0.8 to 15.4
g/kg/day for older patients. The dose can be adjusted
to maintain normal arginine levels for age. Patients with
AS and AL deficiencies require the higher doses. In
patients with severe CPS or OTC deficiencies, arginine
can be substituted by citrulline, 0.17 g/kg/day or
3.8 g/m2/day, according to age. Citrate has also been
used to provide a substrate for Krebs-cycle intermediates
and might be useful in the treatment of AL deficiency (6).

NAGS deficiency might only require treatment
with oral N-carbamyl glutamate (100–300 mg/kg/
day) (6).

If anticonvulsant agents are needed, valproic
acid should be avoided (37).

The outcome of patients with UCD remains very
guarded. It depends on the disease, age at diagnosis,
residual enzyme activity, and compliance with treat-
ment (5,6,8,12,38). Neurological damage may be
directly related to the duration and degree of the
hyperammonemic episodes; therefore neurological
impairment is common in almost all patients with
neonatal presentation. Patients with AS deficiency
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seem to have better prognosis than OTC- or CPS-
deficient patients (5). Surprisingly AL patients appear
to have poor outcome in spite of infrequent decom-
pensations (39). Prospective treatment of children
with confirmed prenatal diagnosis or at risk of having
UCD has been more effective in patients with AS and
AL than in those with OTC and CPS deficiencies (40).
Alternative therapies such as liver transplantation or
hepatocyte infusion should be considered for patients
with severe CPS or OTC deficiency, for patients with
AL who develop cirrhosis, and for any patient who
has recurrent hyperammonemia despite optimal
medical treatment (41). Liver transplantation has been
performed in several patients (39,42,43). Correction of
the hyperammonemia can be obtained but neurologi-
cal outcome is mainly related to the condition of the
patient prior to transplant (39,42). Experience with
hepatocytes infusion is still limited (43,44) Further stu-
dies are still needed to confirm long-term benefits for
these therapeutic approaches. Efforts to develop gene
therapy for UCD are under way, but the outcome is still
uncertain (41,45).

ORGANIC ACIDEMIAS
Pathophysiology

OAs are a group of IMDs characterized by an abnor-
mal accumulation of one or more organic acids in
body fluids. The majority of OA are due to defects
in the catabolic pathways of AA. However, as the site
of the enzymatic blockade is far from the step where
the amino group is lost, AA do not accumulate. The
FAO defects and the primary lactic acidemias (PLAs),
which can also produce abnormal organic acid pro-
files, are described in different sections of this chapter.

For teaching purposes, we can divide the OA
into three groups (Table 4). The first one includes
OA due to defects in the metabolism of BCAAs. They
usually present with acute ‘‘intoxication-like’’ symp-
toms dominated by metabolic acidosis with increased
anion gap and have dietary treatment (1,53,77).

The second group is called ‘‘cerebral OAs.’’ In
this group, the clinical picture is characterized by a
progressive neurological deterioration (65,68–70,72).
These patients appear to be normal in infancy or early
childhood. Thereafter, mental retardation, movement
disorders, ataxia, and/or seizures become apparent.
Some of these OA have characteristic neuroradiol-
ogical findings (65,66,71,73). The most common of
these conditions, and one of the most common OAs,
is glutaric aciduria Type 1 (glutaryl-CoA dehydrogen-
ase deficiency) (45,66,67). Clinical presentation of
these OA highlights the importance of requesting
organic acid analysis in every patient with mental
retardation, movement disorder, dystonia, and/or
macrocephaly of unknown origin, even if metabolic
acidosis or episodes of acute decompensation are
absent (78).

In the third group, we listed miscellaneous dis-
orders that are usually diagnosed through the UOA

analysis but have a clinical presentation that differs
from the other two groups or have a still unknown
enzymatic defect.

For the purpose of this chapter, we will focus on
the OAs due to defects in BCAA metabolism. The
metabolic pathway alterations are shown in Figure 2 .

These inborn defects are inherited as autosomal
recessive conditions and have a variable phenotype.
The most common disorders of this group are isovale-
ric acidemia (IVA), propionic acidemia (PA), and
methylmalonic acidemia (MMA); therefore, we will
mainly address these conditions (Table 4).

IVA, a defect of leucine (Leu) metabolism, results
from the deficiency of isovaleryl-CoA dehydrogenase.
Patients with IVA accumulate isovaleric acid and iso-
valeryl-CoA. The former is a volatile compound and
is responsible for the characteristic sweaty feet odor
found in the urine and skin of affected patients.

PA results from a defect in propionyl-CoA carboxy-
lase, a biotin-dependent enzyme and MMA from a
deficiency of methylmalonyl-CoA mutase (53,77).
Activity of the latter could be impaired due to complete
or partial defects in the mutase itself (mut0 or mut�

respectively) or due to defects in the synthesis of its cofac-
tor, adenosylcobalamin (53,54,62). Both PA and MMA
accumulate propionyl-CoA, which derives from the
catabolism of valine (Val), isoleucine (Ileu), threonine
and methionine, odd-chain fatty acids (FAs), and choles-
terol side-chain, and it is also produced by the anaerobic
gut flora (79,80). Patients with OA accumulate acyl-CoA
esters and organic acids in the mitochondria. These
abnormal metabolites inhibit several mitochondrial
enzymes, leading to a series of secondary biochemical
abnormalities (54). Inhibition of N-acetyl-glutamate-
synthetase and carbamyl phosphate synthetase is
responsible for the hyperammonemia, which usually
correlates with the level of organic acid accumulation
(81,82). Impairment of pyruvate carboxylase (PC) and
the shunt of malate explain the hypoglycemia and ketosis
found in these patients, and inhibition of the glycine
cleavage system may be responsible for the hyper-
glycinemia (54). Additionally, decreased adenosine
triphosphate (ATP) synthesis and hyperlactacidemia
may result from inhibition of citrate synthase and pyr-
uvic dehydrogenase (53).

Clinical Manifestations

The clinical presentation of patients with OA can be
divided schematically into a severe neonatal form
with metabolic distress, a chronic intermittent late-
onset form, and a chronic progressive form (53).
Additionally, asymptomatic patients have been found
as a result of NBS programs and studies performed in
relatives of affected individuals (46–48).

Neonatal Form

Neonatal form is the most common and severe. The
usual presentation is a neonate with a history of nor-
mal pregnancy, delivery, and a short disease-free
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period, who presents with poor sucking, vomiting,
respiratory distress, hypotonia or dystonia, lethargy,
and coma. These symptoms are usually attributed to
sepsis or, in less severe cases, to gastroesophageal
reflux or pyloric stenosis. Mild dehydration is fre-
quent, due to vomiting and osmotic diuresis. A
strong ‘‘sweaty feet’’ odor in urine and skin is present
in IVA. Seizures and a Reye-like syndrome can be
present in severely ill patients (1,53).

Late-Onset Form

In the intermittent, late-onset form, the patients present
with recurrent attacks of coma, or lethargy with ataxia
or dystonia. Acute hemiplegia, hemianopsia, and cer-
ebellar hemorrhage have also been described (53,77).
Increased protein intake or endogenous catabolism
due to an intercurrent illness may trigger these crises.

The first attack may present at several months or years
of age, even in adolescence or adulthood, and has fre-
quently been preceded by episodes of dehydration,
anorexia, vomiting, failure to thrive, hypotonia, devel-
opmental delay, and/or other symptoms (53,83,84). In
between attacks, clinical and laboratory evaluations
may appear normal. However, the laboratory profile
obtained during the attacks is similar to the one found
in the severe neonatal form, with the exception of
hyperammonemia, which is less frequent (53).

Chronic Form

The chronic progressive form is characterized by
persistent anorexia, failure to thrive, and vomiting.
These symptoms are frequently attributed to GI pro-
blems. Renal Fanconi syndrome or osteoporosis may
develop. Hypotonia and muscle weakness can be

Figure 2 Metabolic pathway of the branched-chain amino-

acid catabolism and related compounds. Numbers denote

sites of the known enzymatic blocks. 1, branched-chain-oxo-

acid dehydrogenase; 2, isovaleryl-CoA dehydrogenase; 3, 3-

methylcrotonyl-CoA-carboxylase; 4, 3-methylglutaconyl-CoA-

hydratase; 5, 3-OH 3-methyl glutaryl-CoA lyase; 6, 2-methylbu-

tyryl-CoA-dehydrogenase; 7, 2-methyl-3-hydroxybutyryl-CoA

dehydrogenase; 8, 2-methyl acetoacetyl-CoA thiolase (B-keto-

thiolase); 9, Isobutyryl-CoA-dehydrogenase; 10, 3-OH isobu-

tyryl-CoA deacylase; 11, 3-OH isobutyric-acid dehydrogenase;

12, methylmalonate semialdehyde dehydrogenase; 13,

succinyl-CoA: 3-ketoacid CoA transferase; 14, acetyl CoA car-

boxylase (cytosolic); 15, malonyl-CoA decarboxylase; 16,

Propionyl-CoA carboxylase; 17, methylmalonyl-CoA mutase,

cobalamin defects A, B, C, D, and F; 18, 3-OH-butyric-acid

dehydrogenase; 19, 3-OH 3-methyl glutaryl-CoA synthase.

Source: Adapted from Ref. 36.
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present, mimicking congenital or metabolic myopathies.
Developmental delay, progressive mental retardation,
self-mutilation, and seizures sometimes accompany
the above-mentioned symptoms (1,53,77,85).

Common Laboratory Abnormalities

The most characteristic biochemical abnormalities are
metabolic acidosis, with elevated anion gap and
ketosis. Mild hyperammonemia (200–500 mM) is
usually present, but levels could be as high as
those seen in patients with UCD (>1000 mM) (81,82).
Exceptionally, patients with PA can present with
severe hyperammonemia without metabolic acidosis,
mimicking a UCD (55). Lactic acid is only mildly ele-
vated, unless there is thiamine deficiency (86). Severe
lactic acidosis can also be been found due to glu-
tathion deficiency, which responds to vitamin-C
supplementation (87). Hypocalcemia, associated with
PTH resistance has been reported (88). We have also
documented low calcium associated with a defect in
renal hydroxylation of vitamin-D. Amylase and lipase
are increased if pancreatitis is present (89–91). Blood-
glucose is usually low, but in some patients may be
high, even before IV fluids are started (92,93). This is
particularly frequent in patients with ketolysis defects
(i.e., b-keto-thiolase or succinyl-acetoacetate (AcAc)-
CoA-transferase deficiencies), who can present with
hyperglycemia and ketosis resembling an episode of
diabetic ketoacidosis (50). In contrast, patients with
3-OH 3-methyl glutaryl-CoA lyase deficiency, a defect
affecting Leu catabolism and ketone bodies synthesis,
present with metabolic acidosis (characteristic of OA)
and hypoketotic hypoglycemia (characteristic of FA
oxidation defects) (50).

Diagnosis

The most important test is the analysis of UOAs
performed by gas chromatography and mass spec-
trometry (GC/MS). Diagnostic possibilities of this test
increase if the urine is collected during the acute epi-
sode, when the characteristic profile for each OA is
most likely to be recognized (78). In an acutely ill
patient, the laboratory performing the test must be
alerted, so that the result can be available as soon as
possible. UOA show increased levels of 3-OH-isovaleric
acid and isovalerylglycine in IVA; 3-OH-propionic acid,
3-hydroxyvaleric acid, methylcitrate, tiglylglycine, and
propionylglycine in PA; and a large increase of methyl-
malonic acid, with or without mild elevation of some of
the propionate metabolites in MMA (78). Ketone bodies
(3-OH-butirate and AcAc) may also be increased in
decompensated patients. Another reliable and fast
methodology for the diagnosis of several OA is the
analysis of ACs by TMS. This methodology is highly
sensitive and can be performed in blood spots on filter
paper (Guthrie card), plasma, urine, or cerebrospinal
fluid (94,95). AC analysis allows the diagnosis of more
than 20 different diseases (OA, FAO defects, and

aminoacidopathies) and is being used for the diagnosis
of symptomatic patients as well as for mass NBS (97).
Abnormal profiles can even be obtained from cord
blood in asymptomatic newborns (see section New-
born Screening) (98,99). In IVA, a typical AC profile
shows a large increase of isovalerylcarnitine (IVC).
However, other AC species, like pivaloylcarnitine
and 2-methylbutyrylcarnitine, have the same molecu-
lar weight and should be considered when the profile
is being interpreted (100,101). In PA and MMA, there is
a large increase of propionylcarnitine. Additionally, a
slight increase of methylmalonylcarnitine may be
present in the latter. It is important to consider that
the elevations in diagnostic AC species may be less
pronounced in patients with severe carnitine deficien-
cies. Acylglycines by GC/MS stable isotope dilution
or TMS may also be used for diagnosis (102). Quanti-
tative AA usually shows a nonspecific elevation of
glycine. Glutamine is also elevated, usually correlat-
ing with the degree of hyperammonemia, although
exceptions have been reported in PAs (55,103). Total
and free carnitine are low, with elevation of the AC/
free carnitine ratio (53).

Treatment: The Acute Episode

Rapid recognition and treatment of the acute meta-
bolic decompensation in patients with OA can be
lifesaving. Treatment should provide supportive ther-
apy, promote anabolism, and remove the offending
toxins and should be carried out in specialized
centers (53).

Supportive Therapy

The treatment will depend on the patient’s clinical
condition. A central line to assure IV access is needed
and an arterial line for blood pressure monitoring and
frequent blood drawing should be considered.
Assisted ventilation, inotropics, albumin, and/or
blood products are frequently needed. Gastric protec-
tion with H2 blockers should be provided.

Acutely ill patients with OA are usually dehy-
drated due to poor intake, vomiting, hyperventilation,
and increased urinary losses. After fluid resuscitation
is provided, IV hydration should be aimed at correcting
dehydration over a period of 24 to 48 hours. Rapid
rehydration should be avoided due to the risk of
cerebral edema. If pH is less than 7.25, metabolic
acidosis should be partially corrected with sodium
bicarbonate at a dose of 1 to 3 mEq/kg, which can be
repeated as needed. Overcorrection of the metabolic
acidosis should be avoided, as it can increase cerebral
edema. In severely acidotic patients, there is the risk
of sodium overload due to frequent corrections with
bicarbonate. This complication can be prevented by
giving the sodium requirements in the IV fluids as
sodium bicarbonate, instead of sodium chloride, at 40
to 60 mEq/L. Blood gases, electrolytes, BUN, glucose,
calcium, ammonium, and urine ketones should be
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monitored every two to four hours. Initial potassium
levels are usually normal or high in the acutely ill
patients, but these levels might be artificially increased
due to the acidosis. In fact, potassium requirements are
elevated due to the usual history of vomiting that
precedes the admission and also due to the treatment
with a high GIR and insulin (see below). Patients with
MMA may have tubular dysfunction and renal insuf-
ficiency leading to hyperkalemia (57–59). Liver
function tests, creatinine, amylase, and lipase should
be checked initially and repeated as needed. Acute pan-
creatitis should be treated when present (89–91).
Cultures should be obtained and antibiotics should be
started. Staphylococcal and candida infections should
be considered in the differential diagnosis, and CBC
and platelet count should be followed daily.

Anabolism

It has been shown that endogenous production is an
important source of abnormal metabolites in nonacu-
tely ill patients with OA. This production is probably
due to protein turnover (104,105) and it is also
increased by FA breakdown and intestinal production
of propionate in patients with PA and MMA (79,80).
These endogenous sources of toxic metabolites become
even more important in severely ill patients and
treatment should be aggressive to decrease their
production (53). Oral intake is usually not possible
and IV nutrition should be used to promote anab-
olism. Initially, this goal can be partially achieved by
giving high GIR to provide at least 8 to 10 mg/kg/
min (Table 2). It is important to note that even with
such a GIR, caloric intake is not sufficient to cover
the patient’s needs (Table 3), which are increased dur-
ing the decompensation (106). When patients are
acidotic, it is common to observe hyperglycemia and
glycosuria in response to the GIR. We have documen-
ted an inadequate insulin response to hyperglycemia
during the acute decompensation. If hyperglycemia
develops, the GIR should not be lowered, instead,
the patient should be started on insulin (53,107). The
requirements vary depending on the severity of
the patient’s condition and the GIR. In our experience,
in a severely ill patient receiving a GIR of 8 to 10 mg/
kg/min, a dose of 0.10 to 0.25 U/kg/hr is required to
control hyperglycemia, but it is advisable to start with
a lower dose (0.05 U/Kg/hr) and to adjust the insulin
drip according to blood sugar levels. Insulin require-
ments decrease rapidly when acidosis improves.

Plasma ammonium levels decrease in parallel
with those of the organic acids (82). Once acidosis
has been corrected, fat can be added to the treatment.
If amylase and lipase are high, or oral intake is
not possible, IV lipids (Intralipid

1

Baxter, Ontario,
California, U.S.A.) should be used, starting at 1 g/
kg/day and increasing to 2 to 3 g/kg/day. When the
oral route cannot be used for more than 48 hours, total
parenteral nutrition (TPN) should be considered. TPN
has been successfully used in chronic and acutely ill

patients with OA and allows an effective anabolism,
which cannot be achieved with glucose and lipids
alone (107,108). Ideally, the IV AA mixture should
contain a lower concentration of those AAs that are
precursors of the increased organic acid (i.e., Leu in
IVA). Such preparations are not available in the
majority of the medical centers. Alternatively, any
available AA solution can be used cautiously. We start
with an amount that provides � 50% of the recom-
mended intake of the AA involved in the metabolic
block (109). This amount can be increased gradually
depending on the results of blood gases, ammonium,
and plasma AA. Essential AA deficiency (especially
of Val and Ileu in PA and MMA) should be rapidly
corrected because they can be associated with severe
skin lesions that can lead to sepsis. Levels of the abnor-
mal metabolites in urine (UOA) or blood (ACs) should
also be followed up to monitor the response to treat-
ment. With a high calorie supply from carbohydrates
and fat, an IV AA dose of 1 to 1.5 g/kg/day can be
achieved, but special mixtures, deprived of the offend-
ing AAs might be required to supply more protein. As
the patient improves, the oral/NG tube route can be
restarted (See section Long-Term Treatment).

Detoxification

In IVA and MMA, the organic acids are effectively
excreted through the urine. Therefore, detoxification pro-
cedures should be indicated only in those severely ill
patients who do not respond rapidly to treatment in spite
of maintaining a good urinary output (53). In contrast,
urinary excretion of propionic acid is poor; therefore,
detoxifying procedures should be considered early in
the treatment in patients with PA (53,110). In our experi-
ence, with aggressive nutritional management and
insulin, detoxifying procedures are seldom required.
When needed, the most effective detoxification method
is hemodialysis, which allows a high clearance of organic
acids, AAs, and ammonium. Continuous venovenous
hemofiltration is an alternative that is well tolerated by
newborns or infants and allows rapid toxin removal
(111). Peritoneal dialysis is available in most centers
and is more effective in newborns than children. The dia-
lysate should be warmed and buffered with bicarbonate.
Hypertonic solutions can be used when overhydration is
present. In those circumstances, hyperglycemia can
develop, which will require insulin treatment.

In order to treat the hyperammonemia, sodium
benzoate (250 mg/kg/day) can be used alone or with
sodium phenylacetate, in conjunction with any of the
above-mentioned detoxification procedures (53,112).
The amount of sodium provided by this source
should be accounted for when the daily sodium
requirements are calculated (see section on Treatment
of Urea Cycle Defects). More recently, the use of car-
bamyl glutamic acid (100–270 mg/kd) has been tried
for the treatment of hyperammonemia in PA and
MMA (113,114). Initial results are encouraging but
further studies are needed to validate its use.
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IV carnitine is another important tool for toxin
removal. This therapy will correct the free carnitine
deficiency, provide enough substrate for the synthesis
of nontoxic AC compounds (i.e., IVC and propionylcar-
nitine), which are excreted through the urine, and
restore the intramitochondrial levels of CoA (53,77).
After obtaining a baseline sample, a dose of 100 to
200 mg/kg/day (divided every four to six hours)
should be given intravenously. The highest dose should
be used in newly diagnosed patients who may have
severe carnitine depletion. When the IV preparation is
not available, higher doses should be used via NG tube.

In patients with IVA, treatment with l-glycine
increases the conversion of isovaleryl-CoA to the non-
toxic compound isovalerylglycine, which is excreted
through the urine (77,115). Oral or NG-tube supplemen-
tation of l-glycine (250 to 600 mg/kg/day, divided in
four to eight doses) prepared in a 100 mg/mL water sol-
ution should be given during the acute episode (53,77).
Another potential resource for toxin removal is
the administration of cofactors: biotin (10–20 mg/day)
in PA and hydroxocobalamin (1 mg/day-IM) in
MMA (53). However, patients with severe neonatal
presentation rarely respond to vitamin treatment.

Clinical improvement correlates with correction
of the metabolic acidosis, hyperammonemia, and
ketonuria.

Complications During the Acute Episode

Acute complications include bone marrow suppression
(neutropenia, thrombocytopenia, or pancytopenia) (53),
pancreatitis (89–91), and infections such as generalized
staphylococcal epidermolysis and alopecia (53,116,117).
Acute basal ganglia dysfunction can develop after a
severe crisis and should be suspected in any patient
with sudden onset of dystonia and/or movement
disorder. Interestingly, the globus pallidum is more fre-
quently affected in MMA and PA (118–120) while
abnormalities in the caudate and putamen are the most
frequent basal ganglion involved in patients with gluta-
ric aciduria Type I (65–67).

Clotting abnormalities, such as thrombosis
with secondary DIC and bleeding (Abdenur J. Unpub-
lished.), pulmonary hypertension secondary to
microemboli (121), and microangiopathy/hemolytic
uremic syndrome (HUS) (122), have been described in
cobalamin defects with associated MMA and homocys-
tinuria. Hydrocephalus has also been associated with
cobalamin defects and methylenetetrahydrofolate
reductase deficiency (123,124), and cardiomyopathy
has been described in PA (56).

Long-Term Management

When the patient’s condition permits, PO or NG feed-
ings can be started. Natural protein is restricted to meet
the recommended amounts of the AAs involved in the
metabolic blockade, and can be initially provided with
an infant formula. Total protein requirements for age
and sex are achieved by adding special formulas

devoid of the offending AAs (53,77,109). Recent studies
suggest that energy requirements might be normal or
even low in OA patients out of crisis (125). However,
energy intake should be adequate to meet the patient’s
needs for normal growth, to maintain anabolism when
poor appetite is present, and should also cover the
increased requirements during intercurrent illnesses
(53). Caloric requirements can be met with the use of
protein-free powders such as Duocal, Pro-Phree, or
Mead-Johnson 80056. Alternatively, carbohydrate sup-
plements or oil (except for olive oil in PA and MMA
patients) can be added to the formula when the
above-mentioned protein-free products are not avail-
able. Osmolarity of the final preparation should be
considered to prevent diarrhea.

Long fasting periods (104) and constipation (126)
should be avoided and dietary treatment should meet
all the requirements for micronutrients and minerals.
Iron, calcium, and multivitamin supplements are fre-
quently needed. Treatment with carnitine should
continue with oral preparation at 100 to 200 mg/kg/
day, divided into three doses in patients with PA and
MMA. Carnitine or glycine supplementation can be
used in IVA (see above). Specific coenzyme therapy
should only continue if a positive response has been
documented. Metronidazole has been shown to be
effective in decreasing the production of propionate
by the gut flora (53,80,127). Due to the possible side
effects of metronidazole, (leucopenia, peripheral neuro-
pathy, and pseudomembranous colitis), it has been
recommended to restrict its use to 10 mg/kg/day� 10
on 10 consecutive days every month (53). We have not
seen adverse effects using the drug 10 mg/kg/day, daily
for prolonged periods of time.

The long-term prognosis varies depending upon
the particular OA, age at diagnosis, response to vit-
amin therapy, and residual enzyme activity. Several
mutations have been described in IVA, MMA, and both
genes involved in PA, allowing genotype/phenotype
correlations for milder cases (46,128–132).

Family compliance, psychological adjustment,
and education are important for successful treatment.
NG or gastrostomy feedings are usually needed and
frequent hospitalizations are common in the most
severe cases. Guidelines should be given to parents
and primary physicians for special situations like
intercurrent illnesses, immunizations, anesthesia, or
surgery (53,133,134).

Reported long-term outcome has varied from a
normal development to different degrees of neuro-
logical involvement, including mental retardation
and movement disorders (135–141). Other long-term
complications such as poor growth, malnutrition,
cutaneous lesions (142), trace metal deficiency (143),
and osteoporosis can be prevented if good metabolic
control and proper nutritional treatment can be
achieved. Cardiomyopathy has been reported in some
OA (53,56,144,145). Tubular dysfunction and pro-
gressive renal insufficiency are common in MMA
patients (53,57–61), and it is not clear if these
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long-term manifestations can be prevented with opti-
mum metabolic control. Kidney transplant or
combined kidney and liver transplant has been per-
formed in several patients with MMA. In general,
better metabolic control and higher protein tolerance
were obtained, but decompensations, CNS involve-
ment, or acute basal ganglia lesions could not be
prevented with these treatments (146–148). Similar
experience has been reported for PA patients under-
going liver transplant (141,149).

Early diagnosis and intensive treatment are key
factors to improve long-term prognosis, therefore the
availability of NBS with TMS opens a new chapter
for the future outcome of these diseases (see section
Newborn Screening).

MAPLE SYRUP URINE DISEASE
Pathophysiology

MSUD is an autosomal recessive disease affecting the
metabolism of the BCAAs, Leu, Ileu, and Val. BCAAs
play an important role in intermediate metabolism. They
are substrates for gluconeogenesis and ketogenesis, and
their end-catabolic product, acetyl-CoA, is precursor for
FA and cholesterol synthesis. The defect in MSUD is
located in the branched-chain 2-ketoacid dehydrogen-
ase (BCKD) complex, which is made of three catalytic
components, encoded by four different genes (E1-a,
E1-b, E2, and E3),and two regulatory proteins.

BCKD deficiency results in the elevation of Leu,
Ileu, and Val and their corresponding branched-chain
2-ketoacids (BCKAs): 2-ketoisocaproic, 2-keto-
3-methylvaleric, and 2-ketoisovaleric (Fig. 2) (150).
Accumulation of BCKAs may lead to reduced gluta-
mate, glutamine, and gamma-aminobutyrate in the
brain cortex, which is believed to be the cause of the
MSUD encephalopathies (151).

Clinical and Laboratory Manifestations

Five phenotypes have been described, based on the
clinical presentation and response to thiamine
therapy: classic, intermediate, intermittent, thiamine-
responsive, and E3 (dihydrolipoamide dehydrogenase)
deficiency (150,151). The classical form is the most com-
mon. Children appear normal at birth, but between the
first and the second week of life present with poor
feedings, lethargy, dystonic posturing, seizures, and
apneas. The characteristic ‘‘maple syrup’’ odor can eas-
ily be identified in urine. This ‘‘intoxication-like’’
encephalopathy resembles that of the OAs. Biochemical
abnormalities include ketoacidosis and hypoglycemia.
Hyperammonemia may be mild or absent (53,150).
Diagnosis can be made by either plasma AAs or
UOA. Typical findings in the former are elevated levels
of the BCAAs, mainly Leu (500–5000 mM/L), and the
presence of l-alloisoleucine, which is a transamination
product of the 2-keto-3-methylvaleric acid. Routine
UOA analysis shows an elevation of branched-chain
2-OH-acids and BCKAs. The latter is better detected

when the sample is previously oximated. Ketone
bodies are also usually present (150).

The intermediate form of MSUD presents in
infancy to young adulthood with neurological
impairment, seizures, failure to thrive, and ataxia. Ketoa-
cidosis is less severe and acute crisis may be absent. In
these patients, BCAA are always abnormal, with Leu
levels ranging between 400 and 2000 mM/L (151,152).

The intermittent form presents in children or
adults with episodes of acute decompensation (ataxia,
dystonia, seizures, coma, and ketoacidosis) triggered
by infections or high protein ingestion (150,153).
Plasma Leu values are mildly elevated during the cri-
sis, but they can be normal while compensated.

The ‘‘thiamine-responsive’’ patients are hetero-
geneous and have mutations in the E2 component of
the enzyme (151). Their clinical presentation resem-
bles that of the intermediate form of the disease.
Treatment with thiamine (50–1000 mg/day) tends to
normalize the BCAAs levels a few days or weeks after
starting the treatment, and some patients can be com-
pletely off diet (53,150,152).

The E3 component of the BCKD is common to
the other three enzymatic complexes: pyruvate
dehydrogenase complex (PDHC), a-ketoglutarate
dehydrogenase (a-KGD), and the glycine cleavage
system (involved in glycine catabolism). Clinical pres-
entation of patients with E3 deficiency is variable,
combining features of BCKDs and PLAs (see below).

MSUD can be detected by TMS-based NBS,
which allows presymptomatic treatment (154) (see
section Newborn Screening).

The disease is transmitted as an autosomal recess-
ive trait and it has been diagnosed in all ethnic groups.
Incidence has been estimated in 1:185,000 in the gen-
eral population, but the incidence is much higher
for some communities such as the Mennonites (155).
More than 100 different mutations have been identified
in the genes encoding for the four different subunits
of the BCKD (151,156,157).

Treatment: The Acute Episode

Acute management follows the same principles out-
lined for the treatment of OAs (see section Organic
Acidemias). Prevention of cerebral edema with slow
correction of dehydration and metabolic acidosis is
important. Patients with MSUD usually require less
bicarbonate than OA to correct the metabolic acidosis.
High glucose infusion and insulin drip are required to
correct acidosis and to decrease Leu levels. Dialysis
should be considered for patients with severe
encephalopathy, or in cases when acidosis does not
improve in few hours. These patients usually have
Leu levels above 1,500 mMol (53). Hemodialysis and
hemofiltration are the preferred methods for toxin
removal (96,111,158–160). Pancreatitis and brain edema
have been reported in acutely ill MSUD patients
(53,161–163). Abnormalities consistent with edema
and dysmyelination of several areas of the brain have
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been reported in computed tomography (CT), magnetic
resonance imaging (MRI), magnetic resonance (MR)
diffusion imaging, and MR spectroscopy studies in
patients with acute encephalopathy or poor metab-
olic control (164–168). Secondary carnitine deficiency
can be present but is not as common as it is in
OA patients.

Long-Term Management

Long-term treatment of MSUD patients is based on
the same principles as the OAs (see above). As Leu is
considered the most toxic of the BCAA, Leu-
recommended intakes for MSUD patients are followed
to prescribe the diet (109). The Leu-restricted diet is
supplemented with special formulas devoid of BCAA’s
(53,109,169). In order to maintain near-normal levels of
Leu, it is frequent to observe low levels of Val and Ileu.
To avoid the deficiency of those essential AAs, they
can be added to the formula in small amounts
(5–20 mg/kg/day each). Thiamine should be tried in
all patients for at least three weeks at doses of 50 to
1,000 mg/day. Administration should continue over
time in thiamine-responsive patients. Prognosis of
MSUD patients has dramatically improved due to the
early diagnosis through NBS programs, intensive treat-
ment, and availability of special formulas (154). For
children treated in specialized centers, survival is
100% (53,150). However, even with early diagnosis
and treatment, some degree of psychomotor impair-
ment can be found (170,171), which may correlate
with long-term metabolic control (172). Orthotopic
liver transplantation has been performed in few
patients, allowing improved metabolic control, and
protein tolerance, without completely normalizing
BCAA’s levels (173,174). Successful pregnancies have

been reported in intermediate MSUD female patients
who were followed with close monitoring (150).

FATTY ACID OXIDATION DEFECTS
Pathophysiology: Mitochondrial
Fatty Acid Oxidation

Mitochondrial FAO disorders are a relatively new
group of IMD of increasing relevance. FAO is the
major source of energy for skeletal muscle and the
heart, while liver oxidizes FA primarily during fasting
(175,176). Understanding the FAO process is essential
to interpret the pathophysiology of these diseases and
to develop adequate strategies for treatment.

The FAO process begins when triglycerides,
stored in adipose tissue, are broken down to glycerol
and FAs, mainly long chain. The latter are transported
in blood bound to albumin and enter liver cells
through a specific transport system (177–179). Once
inside the cell, FFA of carbon length 18 or shorter are
oxidized in the mitochondria, while longer-chain fats
are metabolized in the peroxisomes (180). To undergo
mitochondrial oxidation, FAs are activated to their
corresponding acyl-CoA by specific acyl-CoA synthe-
tases. The resulting acyl-CoAs enter into the
mitochondria in different ways, depending on their
chain length. Short- (4–6 carbons), and medium-chain
(6–10 carbons) acyl-CoAs directly enter the mitochon-
drial matrix. In contrast, long-chain acyl-CoAs (12–18
carbons) enter the mitochondria through a complex
active transport system (Fig. 3).

Initially, long-chain acyl-CoAs are conjugated to
carnitine by carnitine palmitoyl transferase I (CPT-I),
in the outer mitochondrial membrane. There are three
tissue-specific isoforms of CPT-I, hepatic, muscular,

Figure 3 Enzymes and transporter proteins in-

volved in mitochondrial oxidation of saturated

straight-chain fatty acids. 1, very long-chain acyl-

CoA-dehydrogenase; 2, medium-chain acyl-CoA-

dehydrogenase; 3, short-chain acyl-CoA-dehydrogen-

ase; 4, mitochondrial trifunctional protein; 4a,
long–chain-enoyl-CoA-hydratase; 4b, long-chain

3-hydroxy-acyl-CoA-dehydrogenase; 4c, long–chain-

ketoacyl-CoA thiolase; 5, short-chain-enoyl-CoA-hydra-

tase (crotonase); 6, short-chain 3-hydroxy-acyl-CoA-

dehydrogenase; 7, medium-chain 3-ketoacyl-CoA

thiolase; 8, hydroxymethylglutaril-CoA-synthetase; 9,

hydroxymethylglutaril-CoA-lyase (enzyme involved in

ketogenesis and leucine metabolism); 10, 3-OH-

butyric-acid dehydrogenase. Abbreviations: CoA,

coenzyme A; CoASH, free CoA; FAD, flavin adenine

dinucleotide; FADH, reduced form of FAD; CT, carnitine

transporter; FATP, Fatty acid transport proteins; AS,

acyl-CoA synthetase(s); CPT I, carnitine palmitoyltrans-

ferase I; TR, carnitine-acylcarnitine translocase; CPT II,

carnitine palmitoyltransferase II; ETF, electron transfer

flavoprotein; ETF-QO, ETF-ubiquinone-oxidoreductase.

372 Abdenur



and cerebral, but only patients with the hepatic form
have been described so far (181–183). Long-chain
ACs are passed by a carnitine-AC translocase (translo-
case) to carnitine palmitoyl-transferase II (CPT II),
bound to the inner mitochondrial membrane, which
releases carnitine and long-chain acyl-CoAs into the
mitochondrial matrix (175,181). Carnitine itself is
transported into the tissues by a plasma membrane
CT specific for kidney, muscle, and heart (176).

In the mitochondrial matrix, Acyl-CoAs of all
chain lengths undergo a series of cyclic enzymatic
reactions (b-oxidation) (Fig. 3). The first step is a
dehydrogenation of the acyl-CoA to enoyl-CoA. This
reaction is catalyzed by four FAD-dependent enzymes:
very long-, long-, medium-, and short-chain acyl-CoA
dehydrogenases (VLCAD, LCAD, MCAD, and SCAD,
respectively), which differ in their chain-length speci-
ficity (175,180). Nevertheless, there is some degree of
overlap in their activity. The main enzyme involved
with long-, straight-chain FAs metabolism is VLCAD,
while LCAD may play a role in the metabolism of
branched-chain FAs (184). Electrons released during
these reactions are channeled by the electron trans-
fer flavoprotein (ETF), and the ETF-ubiquinone
oxidoreductase (ETF-QO), to produce ATP (180,185).
ETF and ETF-QO defects impair not only the dehydro-
genases involved in FA oxidation, but also those
involved in the metabolism of BCAAs (Val, Ileu,
and Leu), lysine, hydroxylysine, tryptophan, and
sarcosine (185).

The enoyl-CoAs produced by the Acyl-CoA dehy-
drogenases are further metabolized in three enzymatic
reactions to release acetyl-CoA and a new acyl-CoA
molecule that is two carbons shorter (Fig. 3) (175,180).
The exact mechanism of the last three steps varies for
substrates of different chain length. For long-chain
acyl-CoA substrates, the reactions are carried by a
mitochondrial trifunctional protein (MTP) with enoyl-
CoA-hydratase, hydroxyacyl-CoA dehydrogenase, and
ketoacyl-CoA thiolase activities (186,187). This pro-
tein is composed of four a- and four b-subunits. The
a-subunits contain the long-chain 3-enoyl-CoaA hydra-
tase activity and the long-chain 3-hydroxy-acyl-CoA
dehydrogenase (LCHAD) activities and the b subunit
has the long-chain 3-ketoacyl-CoA thiolase activity
(180,186–188). Biochemical studies have identified two
groups of LCHAD-deficient patients. The first one,
most common, has an isolated LCHAD deficiency
due to mutations in the LCHAD coding region of the
a-subunit gene. In the second group, all three enzyme
activities are deficient (186–190).

For shorter-chain FAs, individual enzymes, each
one with a single activity, have been identified: short-
chain-enoyl-CoA-hydratase (crotonase), short-chain
3-hydroxyacyl-CoA dehydrogenase (SCHAD), and
medium-chain 3-ketoacyl-CoA thiolase (175,180).

The acetyl-CoA moieties produced during the
FAO are used as a source of energy through the tricar-
boxylic acid cycle (TCA). Under fasting conditions,
acetyl-CoA also becomes the substrate for ketone

bodies synthesis, which are used as fuel by several
tissues, including the brain. Two enzymes are
involved in ketone bodies synthesis: hydroxymethyl-
glutaryl-CoA-synthase and hydroxymethylglutaryl-
CoA lyase (Fig. 3) (191–194). The latter is also the final
enzyme of Leu catabolic pathway.

Clinical Presentation

Several enzymatic defects in FAO and ketogenesis
have been found in humans, all inherited as autoso-
mal recessive diseases. These defects have become
one of the most important group of IMD, due to the
number of patients and the severe outcome (175).
In a series of 107 patients, Saudubray et al. found that
50 patients and 47 siblings died, 60% before one year
of life (195).

Main Clinical Features

The most common diseases are MCAD, LCHAD, and
MAD deficiencies, but it is possible that many
patients with other long-chain FAO defects still die
without recognition. Table 5 summarizes the known
defects in saturated straight-chain FA metabolism
found in humans and their most distinctive features.
Clinical presentation ranges from completely asymp-
tomatic to severe malformations or unexplained
sudden death in infancy or adulthood. As expected
by the important role of FAO in liver, heart, and mus-
cle, the main clinical presentation of FAO defects is
dominated by symptoms related to these organs.
Neurological symptoms are also found during the
acute crisis, and they might be in part related to hypo-
glycemia and impaired ketogenesis.

Neonatal presentations were thought to be lim-
ited to CPT-II, translocase and MAD deficiencies
(185,195,196), but neonatal cases of MCAD, LCHAD,
and VLCAD deficiencies have also been reported
(195,197,198). Overall mortality in the neonatal period
has been estimated in 30% (195). Clinical manifesta-
tions in newborns include lethargy, hypotonia, liver
involvement (with or without cholestasis), or sudden
death. Heart beat abnormalities (supraventricular
and ventricular tachycardia, ventricular fibrillation,
AV blocks, or nodal dysfunctions) are particularly fre-
quent in CPT-II, translocase, and LCHAD deficiencies
(196). Most common dysmorphic features are a
high forehead, wide spaced eyes, and low set ears,
resembling a Zellweger syndrome. Renal dysplasia
(polycystic kidneys) and brain malformations have
also been reported (175,185,195).

Biochemical manifestations in these neonates
can be extremely severe including hypoglycemia,
acidosis, and abnormalities related to liver failure.

Infantile presentation usually follows a symp-
tom-free period of few months followed by a
‘‘metabolic crisis,’’ which is usually triggered by an
intercurrent infection or a fasting period longer than
usual. The metabolic crisis is characterized by vomiting,
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followed by lethargy, hypotonia, and slight liver enlarge-
ment. Respiratory distress due to cardiac insufficiency
and/or metabolic acidosis can be present. Symptoms
are usually erroneously attributed to an intercurrent ill-
ness or cyclic vomiting syndrome (175,195). Patients can
recover from the initial crisis, and repeat another
episode, remaining asymptomatic in between. Liver
insufficiency can be severe, leading to a Reyes-like
syndrome, complicated by hypothermia and GI
bleeding (199). Cholestasis has been reported in patients
with LCHAD deficiency (186,195,200,201).

Cardiac involvement is characterized by hyper-
trophic, less common, dilated cardiomyopathy, or
arrhythmias (see above) leading to cardiac insuf-
ficiency. Arrhythmias are particularly common in
patients with CPT-II, translocase, and LCHAD defi-
ciencies (176,181,195,196), diseases where there is an
accumulation of long-chain-acyl-CoAs and long-
chain-ACs. In contrast, heart beat abnormalities have
not been observed in CT, CPT-I, or MCAD deficiencies.
Pericardial effusion and endocardial fibroelastosis
have been described (202). Symptoms of skeletal

Table 5 Fatty Acid Oxidation Defects

Known enzyme deficiencies in

humans

Main organ involved

Distinctive featuresLiver Muscle Heart

Defects in plasmatic membrane
transport

Carnitine transporter Yes Yes Yes Impaired metabolism of long-chain fatty acid, hypoglycemia, hyperammonemia;

cardiomyopathy, muscle weakness; severe carnitine deficiency

Fatty acid transport protein Yes No No Severe episodic liver failure; two patients reported.

Defects in mitochondrial
transport

Carnitine palmitoyltransferase I Yes No No Severe hypoglycemia with hypoketosis; plasma carnitine elevated or normal; renal

tubular acidosis reported

Carnitine-acylcrnitine translocase

(translocase)

Yes Yes Yes Neonatal presentation: arrhythmias, cardiomyopathy, muscle weakness. hypoketotic

hypoglycemia, hyperammonemia, increased creatine kinase (CK)

Carnitine palmitoyltransferase II

Perinatal Yes Yes Yes Severe, fatal renal and brain abnormalities are common. Severe hypoglycemia,

acidosis, hyperammonemia; cardiomyopathy and arrhythmias. oligohydramnios

reported

Infantile Yes No Yes Less frequent; hepatomegaly, liver failure, arrhythmias, cardiomyopathy, sudden

death; hypoglycemia, acidosis hyperammonemia increased transaminases and CK

Late onset (most frequent) No Yes No Most common cause of rhabdomyolysis and myoglobinuria; cardiac arrest after

exercise reported

Mitochondrial beta oxidation
Very long-chain acyl-CoA-

dehydrogenase

Yes Yes Yes Neonatal form with cardiomyopathy, arrhythmias, pericardial effusion. Infantile form

with liver failure, late-onset form with skeletal muscle involvement. Sudden death;

hypoketotic hypoglycemia, acidosis, hyperammonemia

Medium-chain acyl-CoA-

dehydrogenase

Yes No No Most frequent fatty acid oxidation defect; Reyes-like episodes; sudden death.

Short-chain acyl-CoA-dehydrogenase Yes Yes No Variable phenotype. FTT, dev, delay, hypotonia, ophthalmoplegia, muscle weakness,

metabolic acidosis

Long-chain 3-hydroxy-acyl-CoA-

dehydrogenase (LCHAD)

Yes Yes Yes Liver failure, Reye-like syndrome, cholestasis. Hypotonia, muscle weakness;

cardiomyopathy, pericardial effusion; retinitis pigmentosa and peripheral

neuropathy described; sudden death; hypoketotic hypoglycemia, lactic acidosis,

elevated CK and transaminases.

Mitochondrial trifunctional protein Yes Yes Yes Few cases reported; more severe than LCHAD deficiency; cardiomyopathy

Short-chain 3-hydroxy-acyl-CoA-

dehydrogenase

Yes Yes Yes Few cases reported; variable phenotype, hypoglycemia; liver and muscle isoforms

(cardiomyopathy in the latter).

Medium-chain 3-ketoacyl-CoA-

thiolase deficiency

Yes Yes Yes Few patients known

Electron transfer
Multiple acyl-CoA-dehydrogenase

deficiency

Electron transfer flavoprotein

(ETF)

Yes Yes Yes
Affects catabolism of fatty acids (all carbon lengths) and some aminoacids (leucine,

isoleucine, valine, lysine, hydroxylysine, tryptophan, and sarcosine). Great

phenotypic variation from severe neonatal form with malformations to progressive

muscle weakness with lipidic myopathy; cardiomyopathy, pericardial effusionETF-ubiquinone-oxidoreductase

(ETF-QO)

Yes Yes Yes

Ketone body synthesis
Hydromymethylglutaryl-CoA

synthetase

Yes No No Few patients reported

Hydromymethylglutaryl-CoA lyase Yes No No Hypoketotic hypoglycemia and metabolic acidosis; enzyme involved in ketogenesis

and leucine catabolism

g
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muscle involvement have been described for the
majority of the FAO defects at this age and are manifested
by hypotonia, decreased DTRs, and muscle (leg) pain.

In adolescents and adults, FAO defects present
mainly with skeletal muscle involvement, which is
particularly common in CPT II-adult type, LCHAD,
and mild MAD deficiencies (175). Usual manifestations
are hipotonia and/or progressive proximal weakness.
Acute episodes of muscle pain or cramps, fatigue,
and/or exercise intolerance with rhabdomyolysis can
appear in response to stress, prolonged exercise, or
cold, and can produce acute renal failure (176,181,195).

Retinitis pigmentosa and peripheral neuropathy
have been found in patients with LCHAD deficiency
(187,188,203). Mental retardation and/or other neuro-
logical sequelae are observed mostly in patients who
had severe encephalopathy associated with Reye-like
syndrome (195,199). Other manifestations, specific for
a given defect, are outlined in Table 5.

Maternal Complications During Pregnancy
of Affected Fetuses

The association between LCHAD deficiency in the
fetus, and maternal preeclampsia, the syndrome of
hemolysis, elevated liver enzymes and low platelets
(HELLP) or acute fatty liver of pregnancy (AFLP) has
been well documented (204). These complications have
been reported in up to 79% of the pregnancies with
fetuses affected with LCHAD, while there were no
complications if the carrying fetus was heterozygous
or normal. Additionally, Ibdah et al. reported that
the complications were related to the presence of the
prevalent E474Q mutation on one or both alleles (homo-
zygous or compound heterozygous) of the LCHAD-
affected fetus (204). However another report describes
three families with trifunctional enzyme deficiency
and maternal hepatic dysfunction in pregnancy not
associated with the common E474Q mutation (205).

Affected LCHAD patients show a higher inci-
dence of prematurity, asphyxia, intrauterine growth
retardation, and intrauterine death than their unaffec-
ted siblings (204,206). These findings highlight the
importance of obtaining molecular diagnoses for
patients and parents, and to provide adequate genetic
counseling and molecular prenatal diagnosis when
indicated (207). AFLP has also been reported in preg-
nancies with fetal CPT-1, MCAD, and SCAD
deficiencies using the possibility of a common mech-
anism producing liver disease in mothers carrying
fetuses affected with FAO defects (208–210).

Sudden Infant Death

Many FAO defects have been associated with episodes
of sudden, unexpected, infant death. Different studies
analyzing postmortem specimens of liver, bile,
cultured fibroblasts, or blood spots in filter paper have
estimated that 2% to 5% of SIDS can be attributed to
FAO defects (211,212). They include deficiencies of

the CT, translocase, VLCAD, LCHAD, MCAD,
SCHAD, and MAD (211–218). The mechanism of sud-
den death in these patients is not clear, but acute
arrhythmia may account for the unexpected deaths
in children with abnormalities in long-chain FA
metabolism (196). AC analysis by TMS in postmortem
bile or in the NBS samples (Guthrie card) stored by
the State programs have significantly expanded the
retrospective diagnosis of FAO disorders (217–220).
With the availability of NBS by TMS and early treat-
ment, it is reasonable to expect that the number of
patients with sudden death due to FAO defects will
decrease significantly.

Other metabolic diseases, not involving the FA
metabolism, have also been found in children with
sudden or unexpected death in infancy. Among others
they include glutaric aciduria Type I, myophosphori-
lase deficiency, lysinuric protein intolerance, and
defects of the respiratory chain (218,221–224).

Laboratory Abnormalities

The most common laboratory abnormality found dur-
ing an acute episode is hypoglycemia. Ketone bodies
can be detected in urine, but in smaller amounts than
expected for the degree of hypoglycemia (hypoketotic
hypoglycemia). Total nonesterified FAs (NEFA) are
increased, and the NEFA to ketone body ratio is
abnormally high (>3) when the sample is obtained
before the IV glucose is started. Some patients with
suspected SCHAD deficiency have been described
as presenting with large amounts of ketones in urine
(225,226). Interestingly, patients with proven molecu-
lar defects in the SCHAD gene have been described
with hyperinsulinemic hypoglycemia (227–229).

Elevated liver enzymes, mild hyperammonemia,
and slight metabolic acidosis are common. Abnormal
clotting factors are rarely observed. Very high levels of
creatine kinase (CK)(several thousands) reveal muscle
involvement. The latter is characteristically found in
long-chain defects and may also be found in MCAD
deficiency during mild decompensations.

Hyperuricemia appears to be a common finding
in MCAD deficiency and mild elevation of lactic acid
is present in LCHAD deficiency (198,200). Myoglobi-
nuria can be present in any FAO defect affecting
skeletal muscle, and is a common presentation in
the adult form of CPT II deficiency (175,176,195).

Muscle or liver biopsies are rarely indicated for
diagnosis. During the acute episode, a liver biopsy
under light microscopy shows micro- and macrovesi-
cular steatosis. These abnormalities usually lead to the
diagnosis of Reye syndrome. However, the electron
microscopy will lack the characteristic mitochondrial
changes of Reye syndrome (230). Fibrosis and
cirrhosis have been described in liver biopsies
of VLCAD and LCHAD deficiencies. Pathology of
skeletal and cardiac muscle shows fatty infiltration
(lipidic myopathy) (175,185).
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Diagnosis

Once the diagnosis of a FAO defect is suspected, sam-
ples should be immediately obtained for specialized
metabolic studies. Analysis of ACs by TMS in plasma
or blood spots in filter paper have become the most
important tool for diagnosis of FAO defects. This
methodology is highly sensitive and abnormal pro-
files can be obtained even when samples are
collected out of crisis. Rarely, an AC profile can be
misinformed as normal when free carnitine levels
are very low, when the patient has been on IV with
high GIR, or when the sample is obtained out of crisis
in nonfasting conditions. Typical AC profiles can be
identified for CPT-II/translocase, LCAD/VLCAD,
MCAD, SCAD, LCHAD, and MAD as well as for
3-hydroxy-3-methylglutaryl-CoA-lyase (HMG-CoA-
lyase) deficiencies (94,231–233). More difficult is the
diagnosis of the carnitine uptake deficiency, where
the marker is a low free carnitine level (234) and in
CPT-I deficiency, where low levels of all AC species
(including acetylcarnitine), combined with high levels
of free carnitine, are suggestive of the defect (235,236).
In the transport defects of long-chain FAs, ACs are
uninformative and ACs have been reported as normal
in children with SCHAD (213) and HMG-CoA-
synthase deficiencies (237). AC analysis performed in
the NBS card have allowed retrospective diagnosis in
patients who died of MCAD, CPT II, VLCAD, translo-
case, and MAD deficiencies (199,214,217,238–240).
TMS is also being employed by many screening pro-
grams around the world for the neonatal detection of
FAO defects as well as other IMD (see section
Newborn Screening). It is likely that early diagnosis
and treatment will change the natural history of the
disease for many patients (241,242).

Urine OA profile may be informative for the
diagnosis of FAO defects, but it is important that
analysis and interpretation be performed in an experi-
enced center. Several defects can be diagnosed if
samples are obtained during the acute episode; they
include HMG-CoA-lyase, MCAD, LCHAD, SCAD,
MCKAT, SCHAD and MAD and CPT 1 (175,183,233).
However, frequently the results may be suggestive,
but nonspecific for a FAO defect, or give a false-
negative result when samples are collected after the
patient has been started on supportive therapy. There-
fore, patients with FAO defects can be misdiagnosed if
only OA analysis is performed.

Quantitative analysis of acylglycines by GC/MS
(by stable isotope dilution or TMS) is an alternative
method for diagnosis and it is useful for the evaluation
of MAD and differential diagnoses of SCAD (233,243).
Carnitine levels are informative. Total and free carni-
tine are normal or high in CPT-I deficiency and
extremely low in the CT defect. In all other FAO dis-
eases, total and free carnitine are usually decreased,
and the percentage of ACs is increased (195,233).
Another method for the diagnosis of FAO defects is
to measure the levels of individual free FAs in plasma

by GC/MS (244). This method is sensitive but time
consuming and it is not routinely used, except when
the diagnosis of SCHAD is suspected (short-chain-
3-hydroxy FAs are not esterified with carnitine) (245).

In vitro flux studies with labeled FAs in lympho-
cytes of fibroblasts are another useful tool for
diagnosis of the more difficult patients (246–249).
Fasting or loading tests are rarely needed and should
only be performed in experienced centers if the
above-mentioned specialized tests are not infor-
mative (195,249). It is usually not necessary to
measure enzyme activity to confirm diagnosis.
Eventually, enzymatic studies can be performed for
the majority of these conditions in cultured fibroblasts,
except for SCAD activity, which is only reliable in
muscle. Tissue specificity is known for CT, and CPT-
I, and has also been postulated for SCHAD, while
HMG-CoA-synthase is only expressed in liver.

Molecular studies are available for most of the
FAO defects and should be performed to establish
genotype phenotype correlations and also as a tool
for genetic counseling. Common mutations have been
described in MCAD and LCHAD deficiencies (250).
Several studies have shown that a missense mutation
985 A>G accounts for the majority of the mutant
alleles in MCAD deficiency, being more prevalent in
Northern Europeans (250,251). In LCHAD deficiency,
a common 1528G>C mutation has been identified
(186,250,252). Molecular studies for some disorders,
like SCAD deficiency, are complicated by the presence
of common variant alleles. Homozygosity and com-
pound heterozygosity for SCAD gene sequence
variants 625G–>A and 511C–>T are associated with
ethylmalonic aciduria and mild increase in butyril
carnitine, which are potential biochemical indicators
of SCAD deficiency. Additionally, mild increase in
butyrylcarnitine can be detected by some NBS pro-
grams. The clinical and biochemical implications of
these variants are not fully understood (247,253).

Treatment: The Acute Episode

Acutely ill patients with suspected FAO defect should
be treated in an experienced pediatric intensive care
unit. Delay in proper treatment may result in death
or permanent brain damage (195).

Supportive Therapy

IV hydration should be cautiously given as patients
with hyperammonemia may have cerebral edema and
patients with heart involvement may develop cardiac
insufficiency. Clotting factors and vitamin K may be
required in patients with severe liver dysfunction, and
H2 blockers should be given to prevent GI bleeding.

Salicylates and valproic acid are contraindicated
due to their potential mitochondrial toxicity and
should be investigated as a potential cause of the
metabolic crisis (254). Epinephrine and glucagon have
a lipolytic effect and therefore should be avoided.

376 Abdenur



Pivalic acid–containing drugs should also be avoided
as they can cause secondary carnitine deficiency (255).

Anabolism

To suppress lipolysis, IV fluids should provide a GIR
of 6 to 10 mg/kg/min or more, which may require
placement of a central line. High GIR should be used
regardless of the blood sugar levels found on admis-
sion (195). If patients develop hyperglycemia, IV
insulin should be started, titrating the dose according
to hourly glucose levels. Alternatively glucose can be
provided via a NG tube (10% glucose polymers sol-
ution). In known patients with long-chain FA defects,
medium-chain triglycerides (1–3 g/kg/day) can be
added via a NG tube as soon as the GI tract allows it.

Detoxification

Treatment with IV carnitine (200–300 mg/kg/day PO,
70–100 mg/kg/day IV) is life saving for the carnitine
transport defect. Regarding other FAO defects,
there is general agreement in the use of carnitine
(50–100 mg/kg/day PO, 15–30 mg/kg/day IV) in
patients with short- and medium-chain defects
(175,180,195). The use of carnitine for defects involving
long-chain FAs is more controversial, due to the poss-
ible role of long-chain ACs in the development of
heart beat abnormalities and/or their inhibitory effect
of FAO in vitro (195,256). However, despite theoretical
considerations, experienced centers routinely use car-
nitine in long-chain FA defects and have not reported
adverse effects (257). Our approach is to start treatment
with 50% of the usual dose and adjust treatment to
maintain free carnitine levels within normal limits.

Riboflavin (100–200 mg/day) should be tried in
patients with MAD and SCAD deficiencies, even
though only a few patients with mild variants have
been reported to respond to it (175).

Long-Term Management
Carnitine
Carnitine is the only treatment needed for the CT
defect (200–400 mg/kg/day PO). Long-term carnitine
supplementation for the other disorders should be
provided (see above) and dose should be adjusted
according to free carnitine levels.

Diet

Dietary guidelines for the treatment of other FAO
defects are outlined in Table 6. Different degrees and
types of fat restriction are indicated depending on
the enzymatic defect. There is a rationale for the use
of medium chain triglycerides (MCTs) in patients with
impaired metabolism of long chain FAs (FATP, CPT-I,
translocase, CPT-II, VLCAD, LCHAD, MTP). In con-
trast, the use of MCT is contraindicated for all other
metabolic blocks. Enough essential FAs (linoleic and
a-linolenic acids) should be provided to avoid

deficiencies. Usefulness of supplementation with doco-
sohexaenoic acid to prevent retinal damage has been
proposed for LCHAD-deficient patients (258,259). In
addition to the low-fat diet, patients with MAD may
benefit from mild protein restriction and patients
HMG-CoA-lyase may also benefit from Leu restriction.

Fasting

Besides the composition of the diet, another key for
the treatment of FAO defects is to avoid prolonged
fasting by providing frequent feedings around the
clock. Infant formulas can be supplemented with car-
bohydrates to meet caloric needs and to decrease
postabsorptive fasting. Glucose polymers are well tol-
erated (i.e., Moducal1 or Polycose1) and can provide
a safe fasting period of three to four hours. Treatment
of infants and young children with severe enzyme
deficiencies needs to be aggressive and may require
frequent feedings during the day and overnight NG
or G-tube feedings (195).

After two years of age, the diet can be supplemen-
ted with uncooked cornstarch (CS). This provides a
sustained release of glucose, preventing hypoglycemia.
Additionally, CHO stimulate insulin secretion, which
prevents lipolysis. In most patients, CS (1–2 g/kg) is used
during the night-time feedings. CS, plain or flavored, can
be given mixed with water, formula, or juices and it is
generally well tolerated. We usually start with lower
doses (i.e., 0.5 g/kg) and increase the amount gradually
while monitoring for possible diarrhea. In children with
severe enzyme deficiencies or poor appetite, CS can be
given at regular intervals throughout the 24 hours, as
used in the treatment of glycogen storage diseases. The
beneficial effect of uncooked CS has been documented
in MCAD, MAD, and LCHAD and severe CPT I deficien-
cies (182,242,260,261). In children between one and two
years, who may not have enough amylase activity, CS
can be tried at smaller doses, which can be increased
slowly according to efficacy and tolerance or can also
be given with exogenous amylase (242).

Monitoring Treatment

Individual response to dietary treatment and fasting
can be evaluated by measuring ACs, which are very

Table 6 Dietry Treatment of FAO Defects

Diet

Long-chain FAO

defects (%)

Medium- and short-

chain FAO defects (%)

Electron transfer

(MAD) (%)

Calories > 10 RDA > 10 RDA > 10 RDA

Protein RDA RDA 7

Fat 25–30 20–30 15–20

MCT 15–20

(1–3 g/kg/day)

Contraindicated Contraindicated

LCFA �10 – –

EFA 4 4 4

CHO 60–65 60–70 73–78

Abbreviations: FAO, fatty acid oxidation; MAD: multiple acyl CoA dehydro-

genase deficiency; MCT, medium-chain triglycerides, LCFA, long-chain

fatty acids; EFA, essential fatty acids; CHO, carbohydrates.
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sensitive markers. It is important to remember that AC
levels tend to rapidly increase during short fasting peri-
ods, reflecting the accumulation of toxic metabolites
(242,260,261). Therefore AC should be obtained always
with the same time interval after a meal in order to
compare results. Blood-glucose, liver enzymes, uric
acid, ammonia or CK are late markers of metabolic
decompensation and cannot be used to monitor long-
term response. Optimal interval between meals may
vary for the different diseases, for different patients
and age groups in dietary treatment.

Education and family compliance are essential
to avoid life-threatening decompensation, which can
occur very rapidly in young patients.

Other Treatments

Treatment of long-chain FA defects with triheptanoate
has been proposed as a source of medium chain FAs
(odd-numbered), which can also provide anaplerotic
substrates to the Krebb’s cycle (262). Further con-
trolled studies are needed to validate its use.

Other experimental treatments include dl-3-
hydroxybutryrate, which has been used in patients
with severe MAD deficiency (263) and fibrates, which
are being considered for clinical trials (264).

Prognosis

Long-term prognosis varies according to the disease,
age at diagnosis, residual enzyme activity, and long-
term management. Mortality rate has been estimated
at 25% for MCAD deficiency, and the majority of these
patients die in the initial episode (199). Long-term
complications in MCAD deficiency include develop-
mental delay, muscle weakness, failure to thrive,
and cerebral palsy (199). Early diagnosis by NBS
can prevent the mortality and severe morbidity of
MCAD (241,265).

Limited information is still available for the
long-term prognosis of patients with other FAO
defects, but it is likely that, as shown for MCAD
deficiency, NBS may change the natural history of
these diseases (186,242).

NEWBORN SCREENING WITH TANDEM
MASS SPECTROMETRY

NBS has been applied worldwide for the early diagnosis
of metabolic and endocrine diseases for many years. It
was initially developed for the detection of phenylketo-
nuria (PKU), a disorder of AA metabolism that,
unrecognized, could lead to severe mental retardation.
It is now clear that with early diagnosis and treatment,
neurological damage can be prevented in PKU patients.

Over time other endocrine and metabolic disor-
ders were added to the NBS panels, including
congenital hypothyroidism, galactosemia, MSUD,

hemoglobinopathies, biotinidase deficiency, etc. In
general, the disorders selected for NBS programs
fulfill the following traditional criteria related to the
disease and methodology.

Related to the disease:
& Relatively frequent (i.e., 1:10:000 newborns)
& Known clinical course with initial symptom-free period
& Significant morbidity/mortality if untreated
& Early treatment (newborn period) required to change

the outcome
& Health benefits for patients and families, which out-

weigh the burden of NBS
& Availability of resources for confirmatory testing, treat-

ment, and follow-up
& Total costs of diagnosis, treatment and follow up must be

reasonable and outweigh the cost of potential disabilities

Relative to the methodology:
& Massive screening should be possible using a reliable

methodology
& Sample must be small, easy to collect, transport, and store
& Test must be reasonably simple, allowing for high

throughput
& Test should be sensitive (no false negatives) and specific

enough (few false positives)

Traditionally, for each disorder, a different blood
sample and test methodology are needed; therefore
the addition of new diseases to a NBS program is lim-
ited by the amount of sample and testing costs. In the
1990s, the method to measure AA and AC by TMS in
a small blood sample collected in filter paper was
developed by D. Millington at Duke University. The
AA levels allow the NBS of many aminoacidopathies
(Table 7), while AC allow the neonatal detection of
several OAs and the vast majority of the FAO defects
(Table 7) (266).

More than 30 different diseases can be detected
with a combined frequency of approximately 1:4000
(271). However, not all those conditions fulfill the cri-
teria (for disease or methodology) traditionally
accepted for NBS (see above). More recently, TMS and
other technologies have been applied for the neonatal
detection of lysosomal storage disorders. This approach
is particularly exciting as enzyme replacement therapy
is available for some of these disorders (i.e., mucopoly-
saccharidosis I, II, and VI, Gaucher, Fabry, and Pompe
diseases) and others may benefit from early bone mar-
row transplant (i.e., Krabbe disease). Pilot studies are
under way, but no state has started offering NBS for
those disorders yet (266). For the purpose of this chap-
ter, we will focus on the diseases that can potentially be
detected by measuring AA and AC.

As of January 2006, in the United States, 36 out of
the 51 state programs as well as a few private- and
University-based laboratories offer TMS-based NBS
(National Newborn Screening Status Report (272)). Sev-
eral review papers have been published, highlighting
the success of this technology (241,271,273–276). Some
concerns have been raised regarding parental stress

(Text continues on p. 385)
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generated by false-positive results and also regarding
the lack of information among pediatricians (277,278).

Following are some important considerations for
the understanding of NBS detection of AA, organic
acid, and FAO disorders:

Initial Evaluation

In the majority of the state NBS programs, a positive
result is communicated simultaneously to the primary
physician as well as the closest designated metabolic
center. Both should work together to ensure that the
patient’s initial evaluation, confirmatory testing, and
treatment are carried out appropriately, following
the guidelines of each state NBS program.

Emergency

While the confirmatory testing for a positive NBS
should be obtained as soon as possible, not all the dis-
eases detected by TMS present with acute metabolic
crisis or require immediate treatment. Table 7 sum-
marizes information about the majority of the
diseases that could potentially be detected measuring
AA and AC, their suggested initial evaluation, symp-
toms, treatment, effectiveness of early treatment, and
risk for an acute crisis. The table should be used as
a guide and it is always advised that the patient be
referred to an experienced metabolic center.

It is important to understand that there is a great
phenotypic variation within the same disorder, ran-
ging from neonatal crisis to asymptomatic forms (i.e.,
MCAD). For management of patients presenting with
metabolic crisis, see corresponding sections above.

Impact of Early Discharge

In the majority of the NBS programs, the samples are
collected between 24 and 48 hours of life. Early dis-
charge affects the NBS by TMS in different ways. In
general, AC levels increase very rapidly and it is there-
fore likely that diagnosis of OAs or FAO defects can be
established before 24 hours. For some disorders, TMS
screening in cord blood may be possible (279). For
PKU, diagnosis in samples obtained before 24 hours
has been established, but early diagnosis for other
AA disorders (i.e., mild forms of MSUD) may require
a longer period or a higher protein intake (268,279).

Frequent False Positives
Premature Babies
Premature babies have different normal values than
full-term babies (269). However not all NBS programs
have adjusted cut-offs for newborns of different gesta-
tional ages. Additionally, in extreme premise or sick
neonates, samples are frequently obtained too early
(less than 12 hours of age), or very soon (less than four
hours) after a blood transfusion. Additionally, there is a
tendency to use TPN with lipids and high dose AAs
(2–3 g/kg/day) early in life, which often results in
false-positive results for several diseases. Data from the

California NBS program shows that, while 7.4% of all
NBS samples come from the neonatal intensive care
unit, these samples account for 43.4% of the initial posi-
tive results (280). Confirmatory studies in a patient with
a positive result obtained while on TPN are complica-
ted if the patient continues to be on TPN. One possibility
is to wait until the patient is off parenteral nutrition and
receiving full feeds before obtaining the confirmatory
samples. However, that could take several weeks for
some patients. Our approach depends on the confirma-
tory sample needed. For organic acids, the urine sample
can be obtained while the patient continues on TPN. In
contrast, for quantitative plasma AA or AC, we advise
to discontinue the infusion of AAs and lipids for four to
six hours before obtaining a confirmatory sample. Dur-
ing that period of time the patient should be maintained
on IV fluids with a similar GIR to avoid hypoglycemia.
This approach avoids repeat false-positive results for
aminoacidopathies or FAO disorders.

Liver Disease

Cholestatic liver disease is a relatively common find-
ing in sick neonates. In those patients, there is
frequently a nonspecific elevation of methionine, tyro-
sine, and phenylalanine, which can be detected by
NBS. While the same profile can be found in patients
with liver disease of any etiology (infectious,
metabolic, etc), it is important to remember that
galactosemia, tyrosinemia Type 1, citrin deficiency
(citrullinemia Type 2), and some FAO defects can
present in the neonatal period, with significant liver
involvement and cholestasis. Therefore, appropriate
work-up should be obtained to rule out those disor-
ders. Additionally, it is important to highlight that
the cut-off used for tyrosine by the majority of the
NBS programs is too high to detect tyrosinemia
Type I, which should be screened for by measuring
succinylacetone in blood or urine in every patient
with liver disease of unknown etiology.

Possible False Negatives

Not all the diseases that are listed as screened for by
an NBS program are going to be detected. For some,
the markers are very elevated in the newborn period
and are easy to detect: i.e., IVC in patients with IVA
or octanoylcarnitine (C8) in patients with MCAD
deficiency. In contrast, other analytes are only mar-
ginally elevated in affected newborns and can be
missed (270). As an example, glutarylcarnitine can
be only marginally elevated in affected patients with
glutaric aciduria Type I, and false-negative results
have been reported (267,281,282). Additionally, some
diseases have only been diagnosed by TMS when
patients were symptomatic (sick) and had abnormal
ACs profiles at the time. Therefore, while it is
expected that the analytes would also be found in
an asymptomatic newborn, the true efficacy of NBS
for those diseases has not been proved yet. The ‘‘effec-
tiveness‘‘ of NBS for each disease is listed in Table 7.
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One Result, More Than One Disease?

Some analytes can be markers of more than one
disease. For example, citrulline is elevated in arginino-
succinic acidemia and also in citrullinemia. Similarly,
3-hydroxyIVC can be elevated in 3-methylcrotonyl-
CoA carboxylase, HMG, and 3-methylglutaconic
aciduria and can also be elevated as secondary marker
in multiple carboxylase deficiencies and B-ketothyo-
lase deficiency (97,283). The NBS program may list
all these disorders in the differential diagnosis. It is
therefore important to emphasize the need for rapid
and appropriate confirmatory testing.

Confirmatory Samples

Table 7 provides a guide to the suggested confirma-
tory evaluation. The list includes specific
confirmatory tests (i.e., organic acids, AAs) as well
as common tests that are useful to assess the patient’s
clinical condition (i.e., chemistry panel). Some states
provide strict guidelines regarding laboratories in
charge of confirmatory testing. It is always advisable
to choose a laboratory with experience in the
diagnosis and follow-up of metabolic diseases. Age-
appropriate normal values, fast turn around, and
experienced interpretation are mandatory. It is also
important to consider that for some FAO defects,
ACs can normalize at the time of the confirmatory
sample, which could be misinterpreted as an initial
false-positive result (284).

Need for Enzymatic/Molecular Studies?

For the majority of the diseases screened by TMS, bio-
chemical diagnosis can be confirmed in blood and
urine samples. Enzyme activity is rarely needed. Mol-
ecular studies are available for most disorders, and
common mutations have been described for some
conditions (i.e., MCAD, LCHAD). It is always advis-
able to obtain confirmatory molecular diagnosis to
establish genotype/phenotype information that could
help in the management and prognosis of the disease,
as well as for genetic counseling. Prenatal diagnosis is
available for the majority of the diseases.

Asymptomatic ‘‘Patients’’

The availability of NBS with TMS has allowed
the identification of affected family members
(siblings and parents) of the positive newborn. These
findings have uncovered many ‘‘asymptomatic’’ or
mild forms for MCAD, 3-methylcrotonylCoAcarboxy-
lase deficiency, IVA, and 2-methylbutyryl-CoA
dehydrogenase deficiency (48,285–287). In general,
those mild/asymptomatic forms are associated with
specific mutations. However, it is important to
remember that a disease may remain ‘‘silent’’ until a
significant stress (illness/surgery) occurs. Therefore,
caution is advised in the counseling and follow-up
of these patients.

For conditions where asymptomatic forms are
known, it is advisable to screen siblings and parents.

Effectiveness of Treatment

For the vast majority of diseases detected by TMS,
early treatment is effective in preventing morbidity
and mortality (i.e., MCAD deficiency). However, it is
known that treatment is not effective in preventing
neurological impairment for some disorders (i.e.,
biopterin defects, nonketotic hyperglycinemia) and
effectiveness of early treatment has not yet been estab-
lished for others (i.e., 3-methylglutaconic aciduria or
2-methylbutyryl-CoA dehydrogenase deficiency).
Nevertheless, it is important to remember that diag-
nosis of an affected individual allows genetic
counseling.

Long-Term Management

Metabolic diseases require follow-up by a multidisci-
plinary team, involving the metabolic specialist,
dietitian, nurse, and social worker. Education of par-
ents/patients and health-care providers on treatment
is essential. Preventive health measures and early
identification of warning signs that require immediate
medical attention should be addressed by a short and
clear emergency letter. Treatment during intercurrent
illness may require short hospital admissions during
the period of decreased PO intake or vomiting to
assure hydration and glucose infusion. Detailed
emergency treatment is provided above for each
group of diseases mentioned.

Technical and Methodological Considerations
Different Programs
There is a great diversity of NBS systems and pro-
grams in different countries and even within the
same country. As an example, in the United States,
all 51 NBS programs follow different protocols and
only 36 of them routinely use TMS (National New-
born Screening Status Report, January 2006).

Different Methods

Different NBS programs using TMS may detect or
report different analytes. The analytes that are mea-
sured depend on the methodology used to acquire
the data, and it may be determined by the state legis-
lature. For example, some states measure only
octanoylcarnitine (C8) for the diagnosis of MCAD
deficiency. In contrast other states measure more than
30 different analytes (including AAs and ACs).

Different Diseases

The number of diseases listed as screened for by a NBS
program varies, even among programs measuring the
same analytes. This variation is somewhat artificial as
NBS programs list the conditions in different ways;
for example, in one NBS, ‘‘tyrosinemia’’ is listed as one
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condition, while another program may disclose tyrosi-
nemia Type 1, Type 2, and Type 3 (and count them
three different diseases). Other examples are biopterin
defects, which could be listed as one disorder under
‘‘biopterin defects’’ or subdivided into four different
diseases (all screened using the same marker).

Different Acylcarnitines with Same Molecular Weight

Another consideration is that different ACs have the
same mass/charge ratio. As an example, a peak detec-
ted at the mass/charge ratio of 302 could be due to
increased IVC (indicative of IVA), pivaloylcarnitine
(indicative of treatment with pivalic acid–containing
drugs), or 2-methyl-butyrilcarnitine (indicative of 2 met-
hylbutyryl-CoA dehydrogenase deficiency) (48,255,288).

Corresponding analytes observed by

mass spectrometry Abbreviation

288 Butyryl canitine or iso-butyryl carnitine C4

300 Tiglyl carnitine or 3-methyl-crotonyl carnitine C5:1

302 Isovaleryl carnitine, pivaloyl carnitine, or

2-methyl-butyryl canitine

C5 or 2Me–C4

318 3-Hydroxy-isovaleryl carnitine, or 3-

hydroxy-2-methyl-butyryl carnitine

3–OH–C5 or 2–Me–

3–OH–C4

402 Adipyl carnitine or HMG-carnitine C6DC or 3–Me–C5DC

Useful websites for further information about
NBS programs, diseases and initial treatment are:

1. http://www.genes-r-us.uthscsa.edu (289)
2. http://www.childrenshospital.org/newenglandconsor-

tium/ (290)
3. www.dhs.ca.gov/gdb (291)
4. http://www.baylorhealth.com/medicalspecialties/

metabolic/newbornscreening.htm (292)
5. http://www.mayoclinic.org/laboratorygenetics-rst/

newbornscreening.html (293)

PRIMARY LACTIC ACIDEMIAS

The PLAs are a group of IMD with variable clinical
presentation, including life-threatening episodes of
metabolic acidosis, and complex biochemical, enzy-
matic, and molecular diagnosis. They represent
abnormalities in pyruvate metabolism that is
recognized biochemically by hyperlactacidemia and,
clinically, by symptoms reflecting ‘‘energy deficiency’’
(1,294). Pyruvic acid produced by the glycolytic path-
way can follow different metabolic fates. To produce
energy, pyruvate enters the mitochondria and under-
goes aerobic catabolism via acetyl-CoA, the TCA,
cycle and the respiratory chain (Fig. 4).

Figure 4 Pyruvate metabolism, the tricarboxylic acid cycle and the respiratory chain. Enzymes: 1, lactate dehydrogenase; 2, pyruvate carboxylase; 3, pyruvate

dehydrogenase complex; 4, a-ketoglutarate dehydrogenase; 5, fumarase. Source: From Ref. 295.
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During fasting periods, pyruvic acid can also be
an intermediary substrate for gluconeogenesis, via
oxaloacetic acid. A block in any of the many enzy-
matic steps involved in those pathways can increase
pyruvic acid levels, with simultaneous elevation of
lactic acid and alanine, and limit the production
of energy or glucose synthesis.

PLA can be divided into four groups:

& Defects in PDHC
& Defects in the TCA cycle
& Defects in gluconeogenesis
& Defects in oxidative phosphorylation (OXPHOS) (respir-

atory chain)

Pathophysiology and Clinical Presentations

Correlation between symptoms and enzymatic block
is difficult as one enzymatic defect can present with
different phenotypes and different enzyme defi-
ciencies can give a similar clinical presentation.
A detailed description of each enzymatic defect is
beyond the scope of this chapter; so we will mainly
address those conditions that can present with severe
hyperlactacidemia, requiring emergency treatment.

Pyruvate Dehydrogenase Complex

Deficiency of PDHC is one of the most frequent causes
of PLA. This thiamine-dependent enzymatic complex
is responsible for the decarboxylation of pyruvate to
acetyl-CoA (Fig. 4) and is made of four different cata-
lytic components: E1-a, E1-b, E2, and E3. Additionally
two regulatory proteins at the E1level (pyruvate
dehydrogenase kinase and pyruvate dehydrogenase
phosphatase) and an E3-binding protein (X-lipoate
protein) are also part of the complex (294–296).

Three different clinical presentations are known:
The most severe is the neonatal, characterized by
overwhelming lactic acidosis. These children present
soon after birth with poor feeding, hypotonia, leth-
argy, and respiratory distress. Mild dysmorphism
(frontal bossing, low nasal bridge, upturned nose,
and tented lips) has been described, and death occurs
within few weeks (294,296,297). A less severe picture
appears in infants and young children with hypoto-
nia, developmental delay, and seizures. The third
form presents with acute, intermittent episodes of
ataxia, which can be triggered by a high carbohydrate
intake (294,296,299). Deficiencies in different compo-
nents of the PDHC have been reported, but the most
common is the deficiency of the E1-a subunit, which
is encoded by an X-linked gene (294,296,297). How-
ever, due to the important role of the PDHC in
energy metabolism, males as well as females can be
affected. Most defects of E1-a gene are de novo, with
point mutations being more common in males and
deletions or insertions in females (296,297). This infor-
mation is extremely important for genetic counseling.

Defects in the E2 component, the E3-binding pro-
tein and the pyruvate dehydrogenase phosphatase,

while rare, have been reported (294,298–301). Their
phenotypes have ranged from severe mental retar-
dation to Leigh syndrome and refractory lactic
acidosis. The E3 component (dihydrolipoamide
dehydrogenase) is common to other 3 enzymatic com-
plexes: the a-KGD (involved in TCA cycle), the BCKD,
which is the enzyme deficient in MSUD, and the gly-
cine cleavage system (involved in glycine
catabolism). Few patients with deficiency of the E3

component (lipoamide dehydrogenase) are known.
Their clinical and biochemical presentation is variable,
with a combination of the different manifestations of
the PDHC, a-KGD, and BCKD deficiencies. Recurrent
episodes of liver failure, cardiomyopathy, and myoglo-
binuria have also been reported (294,302–304).

Progressive involvement of the basal ganglia
and brain stem are frequent in PDHC-deficient
patients and can lead to nystagmus, dystonia, apnea,
or sudden, unexpected death. MRI findings in these
patients are suggestive of subacute necrotizing
encephalopathy (Leigh syndrome). However, it is
important to note that Leigh syndrome has also been
described in patients with PC, the TCA cycle, and res-
piratory chain deficiencies (see below), as well as in
other IEM (1,305,306). Other frequent abnormalities
of the CNS in PDHC deficiency are congenital malfor-
mations of the brain, including agenesis or hypoplasia
of the corpus callosum (294,296).

Defects in the Tricarboxylic Acid Cycle

The TCA cycle is responsible for the oxidative decarbox-
ylation of citrate to oxaloacetate (Fig. 4). Several enzymes
are involved, and defects in a-KGD, fumarase, and suc-
cinate dehydrogenase (SDH) have been characterized.

Structure of a-KGD is similar to that of the PDHC
and the BCKD, sharing with them the E3 component.
Therefore, the three enzymes can be affected in E3

deficiency (see PDHC deficiency above) (307). Additi-
onally, a few patients with isolated a-KGD have been
reported. They present in infancy or early childhood
with severe neurological involvement, including
developmental delay, hypo- or hypertonia, and ataxia.
Structural brain abnormalities can be present (308,309).

Fumarase deficiency appears to be more com-
mon. Clinical presentation ranges from severe
neurological involvement, seizures and death in child-
hood, to mild mental retardation and survival into
adulthood (310–312). Dysmorphic facial features and
neonatal polycythemia have been recently reported.
Structural brain malformations like diffuse polymicro-
gyria, hypomyelination, agenesis of the corpus
callosum, Leigh syndrome, decreased white matter,
and cortical atrophy are common (311–312).

SDH consists of four nuclear-encoded subunits. It
participates in succinate catabolism in the Krebs cycle
and the electron transfer in the respiratory chain. Muta-
tions in the four genes, SDHA, B, C and D, have been
reported. Interestingly, SDHA mutations have been re-
ported to cause an encephalomyopathy in childhood,
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resembling a respiratory chain defect (see below), while
mutations in the genes encoding the other three subunits
have been associated only with tumor formation (313).

Defects in Gluconeogenesis

Gluconeogenic defects involve deficiencies in the four
regulatory enzymes of this pathway: PC, phosphoe-
nolpyruvate carboxykinase (PEPCK), fructose-1,
6-diphosphatase (FDP), and glucose-6-phosphatase.
Deficiency of the latter affects gluconeogenesis as well
as glycogen degradation and is responsible for the
glycogen storage disease Type 1. In general, patients
with gluconeogenic defects present not only lactic
acidosis but also hypoglycemia and hepatomegaly.

PC, a biotin-dependent enzyme responsible for the
carboxylation of pyruvate to oxaloacetate (Fig. 4), plays
an important role in gluconeogenesis, lipogenesis and
energy production. Decreased availability of oxaloace-
tate also impairs the synthesis of aspartate and
glutamate with secondary abnormalities in the urea
cycle and the synthesis of glutamine-derived neuro-
transmitters. Deficiency of the PC can be isolated or as
a part of the biotinidase or holocarboxylase synthetase
deficiencies (see organic acidemias). Isolated PC
deficiency has been described in many patients. Three
clinical presentations are differentiated. The most severe
form presents in neonates with lactic acidosis, hypoto-
nia, and tachypnea during the first hours of life.
Tremors, hypokinesia, and abnormal ocular movements
appear to be distinctive, while seizures are infrequent.

A rapid fatal outcome is described for most
patients (294,314,315). A less severe phenotype, mainly
described in North American Indians, presents in
infancy with developmental delay, failure to thrive,
and seizures, progressing to severe mental retardation.
Mild hepatomegaly is present in both clinical presenta-
tions. Macrocephaly and brain abnormalities, such as
decreased myelination, ischemia-like lesions, cyst, peri-
ventricular leukomalacia, Leigh syndrome, subdural
hematomas, and brain atrophy have been described
(294,316,317). These abnormalities are thought to be
related to the important role of PC in astrocyte metab-
olism. The third, less common phenotype, is
characterized by episodic attacks of lactic acidosis with
slight neurological involvement (294).

PEPCK deficiency is very rare. Symptoms appear
in the newborn period or early infancy and include
failure to thrive, hypotonia, lethargy, and hepatome-
galy. Renal tubular acidosis and skeletal and cardiac
muscular involvement have been reported (294).

FDP-deficient patients present in the newborn
period with symptoms of hypoglycemia, hypotonia,
and liver enlargement. Neurological involvement in
these patients is only related to the hypoglycemic
episodes (318).

Mitochondrial Oxidative Phosphorylation Diseases

The OXPHOS process is mediated by the respiratory
chain, which carries electrons through a series of

complex reactions to generate ATP. The respiratory
chain is located in the mitochondria and is divided
into five complexes, I through V. Each complex has
several protein components, some encoded by nuclear
DNA (nDNA) and others by mitochondrial DNA
(mtDNA) (319). The only exception is complex II,
which has only nDNA-encoded proteins. Addition-
ally, transport of proteins into the mitochondria and
assembly of the different components of the respir-
atory chain require coordinate regulation of nuclear
and mitochondrial genes (319,320).

The mtDNA is a small circular molecule (16,500
base pairs) that encodes for 13 polypeptide subunits
of the respiratory chain together with ribosomal and
transfer RNAs needed for protein synthesis. Each cell
contains hundreds of mitochondria and thousands of
mtDNA molecules. In patients with mtDNA abnormali-
ties, normal and abnormal mtDNA may coexist in the
same cells (heteroplasmy). During cell division, mito-
chondria are randomly distributed to the new cells.
Therefore, the relative proportions of normal and abnor-
mal mtDNA change as the cells divide (319–321).

The clinical implication of mtDNA biology is that
some tissues or organs can exhibit the effects of an
mtDNA genetic defect while others are functioning nor-
mally, depending on the relative proportion of normal
and abnormal mtDNA. Furthermore, normal tissues
may be affected over time if the number of abnormal
mitochondria reaches a threshold for phenotypical
expression (320). For these reasons, genotype–pheno-
type correlations are difficult, as the same genetic
defect can cause different phenotypes even within the
same sibship, and phenotypes can change over time
(320–323). This also emphasizes the importance of
obtaining affected tissues for enzymatic diagnosis, such
as liver in patients with acute liver failure or endomyo-
cardial biopsy for patients with cardiomyopathies.

Clinical presentation of patients with OXPHOS
defects is extremely broad, ranging from lesions in
single tissues (i.e., optic nerve) to multisystemic man-
ifestations, with age of onset ranging from birth to
adulthood. An early-onset disease with a chronic
and progressive clinical course and unexplained
association of symptoms, and involving seemingly
unrelated organs (i.e., diabetes and deafness) is
characteristic of OXPHOS disorders (322). The most
frequent findings are shown in Table 8.

Predominant clinical manifestations in neonates
are severe lactic acidosis and encephalopathy, while
infants frequently present with hypotonia or dystonia,
recurrent vomiting, failure to thrive, developmental
delay, pyramidal signs, and seizures. Oculomotor
abnormalities and cerebellar signs are common, as
well as renal tubular acidosis and cardiac and endo-
crine abnormalities (mainly diabetes) (322,323).

Almost all organs and systems can be affected in
OXPHOS diseases, and even though some well-defined
mitochondrial syndromes have been described, over-
lapping in clinical presentation is common. Table 9
lists the classical syndromes associated with mtDNA

Chapter 17: Emergencies of Inborn Metabolic Disease 389



defects, while Table 10 shows phenotypes associated
with known mutations in nuclear genes.

In a series of 113 pediatric patients, the most com-
mon clinical subtypes were cardiomyopathy and
myopathy, nonspecific encephalomyopathy, Leigh syn-
drome (subacute necrotizing encephalomyopathy),
classical mitochondrial syndromes, and lethal infantile
mitochondrial disease (323). It is important to recog-
nize that OXPHOS defects represent a major cause of
cardiomyopathy in children, with a reported incidence
ranging from 24% (322) to 40% (323). The most

common cardiac manifestations are hypertrophic car-
diomyopathy (58%), dilated cardiomyopathy (29%),
and left ventricular noncompaction (13%) (323).
Arrhythmias, being the most common ventricular
tachycardia, were detected in 11% of patients.

Another important phenotype that is being
increasingly recognized is liver failure associated with
neurological manifestations and lactic acidosis (hepa-
tocerebral syndrome) as a presentation of nuclear-
encoded mutations that lead to mtDNA depletion
(324–326).

Adult patients present more frequently with
classical mtDNA-encoded syndromes (Table 9) or a
combination of muscle disease (myopathy, muscle
weakness, exercise intolerance, rhabdomyolysis, etc.)
associated with variable CNS involvement (ataxia,
hearing loss, seizures, retinopathy, polyneuropathy,
movement disorders) (320,321).

Once a mitochondrial disease is suspected, a
complete evaluation of the most frequently affected
organs or systems should be performed, which might
include MRI and MR spectroscopy of the brain, EKG
and echocardiogram, ophthalmological and hearing
evaluation, and renal, liver, and endocrine function

Table 8 Most Frequent Findings Associated with OXPHOS Diseases

Neuromuscular

Hypotonia

Muscle weakness, myopathy

Myalgia, exercise intolerance, myoglobinuria

Developmental delay

Progressive encephalopathy, regression

Dementia

Peripheral sensory-motor neuropathy

Seizures, myoclonus

Migraine headaches

Stroke-like episodes

Movement disorders

Recurrent ataxia

Dystonia

Parkinsonism

Brain abnormalities

Absence of corpus callosum

Porencephalic cysts

Abnormal signaling of the basal ganglia

Leukodystrophy

Cortical atrophy/poliodystrophy

Leigh’s disease

Eye

Cataracts, corneal opacities

Retinitis pigmentosa

Optic neuropathy

Ear

Sensorineural hearing loss

Heart

Cardiomyopathy (mainly hypertrophic)

Cardiac conduction defects

Endocrine

Diabetes mellitus

Growth hormone deficiency

Hypothyroidism, hypoparathyroidism

Gastrointestinal

Episodic vomiting

Chronic diarrhea, villous atrophy

Exocrine pancreatic dysfunction

Liver failure

Dysmotility, pseudo-obstruction

Renal

Renal Fanconi syndrome

Tubulointerstitial nephritis, renal failure

Miscellaneous

Sudden infant death

Failure to thrive, intrauterine growth retardation

Anemia (sideroblastic), myelodysplasia

Recurrent hypoglycemia

Craniofacial dysmorphic features

Hair abnormalities (dry, thick, brittle hair)

Skin abnormalities (mottled pigmentation in exposed areas)

Table 9 Most Common Clinical Syndromes Associated with mtDNA

Defects

Mainly associated to mtDNA mutations

MELAS Mitochondrial

encephalomyopathy, lactic

acidosis, and stroke-like

episodes

MERRF Myoclonic epilepsy and

ragged-red fibers

NARP Neuropathy, ataxia and

retinitis pigmentosa

LHON Leber’s hereditary optic

neuropathy

Diabetes mellitus

and deafness

SNHL Nonsyndromic

aminoglucoside-induced

hearing loss

Mainly associated with

mtDNA deletions/duplications

Pearson syndrome Anemia (sideroblastic)/

pancytopenia, exocrine

pancreatic insufficiency,

failure to thrive, liver

dysfunction, myopathy,

lactic acidosis

Kearns Sayre syndrome Age before 20 years,

progressive external

ophthalmoplegia, retinitis

pigmentosa, cerebellar

ataxia, increased

cerebrospinal protein,

complete heart block,

diabetes mellitus

Wolfram syndrome Diabetes insipidus, diabetes

mellitus, optic atrophy, and

deafness

PEO
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tests. Common findings in MRI are bilateral and sym-
metrical hyperintense signals in the basal ganglia and
involvement of brain stem (typical of Leigh disease).
Different degrees and patterns of demyelination have
also been described.

Diagnosis

Initial laboratory work-up is similar for a patient with
suspected PLA of any etiology. In patients with inter-
mittent symptoms, it is best to obtain samples during
the acute decompensation. Blood levels for chemistry
panel, blood gases, lactate (L), pyruvate (P), ammon-
ium and AAs, and urine for organic acids are required.
Additional information can be obtained by measuring
blood levels of 3-OH-butyrate (3OHB), acetoacetate
(AcAc), total and free carnitine, and urine AAs.

Accurate measurement of L and P requires rapid
and proper handling of the specimens. Arterial or
free-flowing venous samples are preferred. Patients

with acute decompensation usually have severe meta-
bolic acidosis with high anion gap and markedly
elevated lactic acid. The lactic/pyruvate (L/P) ratio
is low or normal in PDHC and elevated in PC and res-
piratory chain defects (complex I, III, and IV) (327).
Reduced 3OHB/AcAc ratio is expected in PC
deficiency (294). Secondary lactic acidosis due to poor
perfusion, hypoxia, liver insufficiency, sepsis, or sed-
ation with propofol should be ruled out (327,328). In
general, they do not present with ketosis.

In chronic patients, even slight elevations of lac-
tate provide a clue for diagnosis. More severe
biochemical abnormalities might only be present dur-
ing attacks, which are usually triggered by fasting or
intercurrent illnesses.

In some patients with PDHC or OXPHOS
defects, increased lactic acid levels are only
detected one to two hours after a regular or a
high-carbohydrate meal. In contrast, elevated fasting
levels of lactic acid that decrease after a high CHO

Table 10 Mitochondrial OXPHOS Diseases Due to Nuclear Mutations

Phenotype Disease

Genes controlling the stability of mtDNA
ANT1 Multiple deletions mtDNA, PEO, muscle weakness, ataxia, depression,

hypogonadism, hearing loss, peripheral neuropathy

AD-PEO

Twinkle
Polymerase gamma1 Infantile hepatocerebral syndrome Alpers’ polidystrophy

Thymidine phosphorylase Multiple deletion/depletion mtDNA, ophthalmoparesis, peripheral

neuropathy, leucoencephalopathy, and gastrointestinal symptoms

with intestinal dismotility

MNGIE

Thymidine kinase2 Fatal infantile congenital myopathy with or without a DeToni–Fanconi

renal syndrome

MDS

DGUOK Fatal infantile hepatopathy leading to rapidly progressive liver failure

Deoxynucleotide carrier Congenital microcephaly of Amish

Genes encoding protein respiratory chain components
Complex I NDUFS1 Leigh syndrome, complex I deficiency AR mutations

Complex I NDUFS2 Cardiomyopathy–encephalomyopathy AR mutations

Complex I NDUSFS4 Leigh-like syndrome AR mutations

Complex I NDUFS7 Leigh syndrome AR mutations

Complex I NDUFS8 Leigh syndrome AR mutations

Complex I NDUFV1 Leigh syndrome, leucodystrophy, myoclonus AR mutations

Complex II SDHA Leigh syndrome AR mutations

Complex II SDHB Phaeochromocytoma, cervical paraganglioma AD or sporadic

Complex II SDHC and SDHD Hereditary paraganglioma AR mutations

Complex III UQCRB gene subunit VII Hypokalaemia and lactic acidosis AR homozygous deletion

Defects of nonprotein respiratory chain constituents
Coenzyme Q deficiency Ataxia, seizures, myopathy (?)

Tafazzin (cardiolipin acyltransferase?) Barth syndrome X-linked recessive

Genes encoding respiratory chain assembly components
SURF1 COX_ Leigh syndrome AR mutations

SCO1 COX_ hepathopathy and ketoacidotic coma AR mutations

SCO2 COX_ infantile cardiomyopathy AR mutations

COX10 COX_ leucodystrophy and renal tubulopathy AR mutations

COX15 COX_ hypertrophic cardiomyopathy AR mutations

BCS1L Complex III-deficient encephalopathy, liver failure, renal tubulopathy AR mutations

LRPPRC (mRNA-binding protein) COX_ Leigh syndrome AR mutations

ATP12 Complex V deficiency–encephalopathy AR mutations

Abbreviations: ANT, adenine nucleotide translocator; AR, autosomal recessive; AD, autosomal dominant; COX: cytochrome C-oxidase; PEO, progressive external

ophthalmoplejia; MNGIE, mitochondrial neuro-gastro-intestinal encephalomyopathy; MDS, mitochondrial DNA depletion syndrome.

Source: From Ref. 320.
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meal, with simultaneous increase in ketone bodies,
are suggestive of PC deficiency (294). In patients with
CNS involvement and normal lactic acid in blood, lac-
tate should be measured in cerebral spinal fluid.

Hypoglycemia is associated with lactic acidemia
during fasting in patients with gluconeogenic defects,
while hyperglycemia can be found in OXPHOS and
PDHC deficiencies (327). Mild hyperammonemia is
present in neonates with PC and fumarase deficien-
cies and increased uric acid and hypophosphatemia
are found in FDP deficiency. In the latter, provocative
tests with fructose and glycerol, performed under
close supervision, are useful for diagnosis. Glucose
tolerance tests should be avoided, as they can trigger
an acute decompensation in PDHC-deficient patients.

UOA analysis is useful but, with the exception of
the TCA cycle defects, cannot determine the site of the
metabolic block. Usual findings in OXPHOS defects
are elevated lactic, pyruvic, and 2-hydroxybutyric
acids, mild elevation of TCA cycle intermediates (suc-
cinic, fumaric, malic and a-ketoglutaric acids), and
ketonuria. PC presents with increased lactic acid
and ketones, while the latter are usually absent in
PDHC deficiency. Glycerol and glycerol-3-phosphate
can be found in patients with FDP deficiency.

a-Ketoglutaric and lactic acids are increased in
a-keto glutarate dehydrogenase, but the former could
be increased only intermittently (309). Increased a-
ketoglutaric is also found in patients with glycogen
storage disease Type I, while in patients with lipoa-
mide dehydrogenase (E3deficiency), the increased
levels of a-keto glutaric is accompanied by metabo-
lites of 2-hydroxy- and 2-ketoacids. Fumarase
deficiency is characterized by increased fumaric acid
with different degrees of lactic, succinic, and a-keto-
glutaric acid (312). Methylglutaconic acid has been
reported in several patients with OXPHOS defects,
as well as in other diseases (see organic acidemias )
and it appears to be a nonspecific marker of mitochon-
drial dysfunction (327).

Isolated elevations of lactic acid in urine can be
found in urinary infections due to Enterobacter cloacae
(329) and in patients with short gut or blind loop syn-
drome, who excrete high amounts of d-lactic acid,
which is undistinguishable from the l-isomer (330).

Quantitative plasma AAs typically show an ele-
vation of alanine, while elevated glutamate and
glutamine may be present in PDHC, a-KGD, and
OXPHOS deficiencies (294,327). A typical AA profile
is seen in the neonatal form of PC deficiency, with
increased alanine, proline, citrulline, and lysine and
decreased levels of aspartate and glutamine
(294,314–317). In the E3 subunit deficiency, mild eleva-
tions of BCAAs and alanine are characteristic.

Skeletal muscle biopsy for morphological, histo-
chemical, and biochemical studies is useful for
diagnosis of OXPHOS diseases. The most typical
abnormality is the presence of ‘‘ragged-red fibers,’’
which are caused by accumulation of abnormal
mitochondria under the sarcolemmal membrane.

A positive stain for SDH and negative stain for cyto-
chrome C oxidase (COX; complex IV) are also typical.
Electron microscopy reveals abnormal mitochondria
in size and shape, with paracrystal inclusions
(319–322,331,332). Abnormalities in muscle biopsy are
more frequently found in adults, while normal results
in muscle histology and histochemistry are common
in children. Therefore, a normal muscle biopsy does
not rule out the diagnosis of an OXPHOS defect.

Measurement of respiratory chain activity in
muscle can be performed in experienced laboratories,
but inconclusive results are common. Most frequent
findings are decreased activity of complex I, com-
bined deficiencies in more than one complex, and
isolated complex IV (COX) deficiency (323). Results
in different centers may vary due to different diagnos-
tic approaches (e.g., fresh isolated mitochondria vs.
frozen muscle) and the different techniques used to
measure respiratory chain activity.

Molecular characterization of patients with
OXPHOS defects is challenging. Differentiation
between diseases caused by gene defects in nDNA
or mtDNA is important to characterize the disease,
establish genotype–phenotype correlations, and pro-
vide prenatal diagnosis and genetic counseling:
OXPHOS diseases due to nDNA defects follow a
Mendelian inheritance while mtDNA defects are
maternally transmitted (320,321). Different panels that
screen for the most common mtDNA mutations and
deletions are available commercially. Their utility is
limited because they only include mutations and dele-
tions associated with frequent classic mitochondrial
syndromes such as the 3243A>G mutation for
MELAS or 8344A>G for MERRF. Additionally, a
negative result in blood does not exclude a possible
mutation in other tissues. Many ‘‘nonclassical‘‘ muta-
tions have been associated with OXPHOS disease in
children, which highlights the need for full sequen-
cing of the mitochondrial genome in patients with
strong clinical presentation and/or pedigree sugges-
tive of maternal inheritance.

Hundreds of nuclear genes are involved in the
respiratory chain activity and are believed to account
for the majority of the mitochondrial diseases in chil-
dren. About 30 of those nuclear genes have been
characterized and linked to diseases. Therefore, mol-
ecular diagnosis is rarely achieved in children. Some
laboratories offer sequencing of genes associated with
complex IV and mtDNA depletion.

Enzymatic diagnosis for defects in pyruvate
oxidation, the TCA cycle, and gluconeogenesis
can be done in blood, fibroblasts, or other
tissues (294).

Treatment: The Acute Episode

Treatment of acute neonatal lactic acidemia requires
an intensive care unit. Sodium bicarbonate in large
amounts is required to control the metabolic acidosis.
If hypernatremic acidosis develops, it should be
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treated with hemodialysis or peritoneal dialysis (solu-
tions should have sodium bicarbonate instead of
sodium chloride and should not contain acetate or lac-
tate). A high GIR can severely worsen the lactic
acidemia in patients with PDHC deficiency. Therefore,
initial IV fluids should be given with D 5%. The GIR
can be increased according to clinical and biochemical
response. A high GIR is indicated in PC deficiency.

After the appropriate samples for diagnosis have
been obtained, pharmacological treatment with one or
several drugs can be started in patients with life-
threatening lactic acidemia (Table 11).

A wide range of doses have been used. Assess-
ment of the response to vitamin therapy is difficult
and well-documented data are rare. The most com-
monly used are biotin, thiamine, riboflavin, and
coenzyme-Q10. These compounds are cofactors
involved in the different metabolic pathways. Vita-
mins C and K have been used as artificial electron
acceptors (294,333). Dichloroacetate (DCA) stimulates
the activity of the PDHC and is used, in doses of 15 to
200 mg/kg/day, in the treatment of PDHC (294,333).
Some reports have documented improvement follow-
ing treatment with coenzyme Q10 or, its synthetic
analog, idebenone (334,335). When final diagnosis
becomes available, an attempt to withdraw those vita-
mins not involved in the metabolic block should
be done, one at the time, with careful monitoring of
the clinical and biochemical response. Carnitine
should be used in patients with low carnitine levels
(50–100 mg/kg/day).

Long-Term Management

In patients with PDHC deficiencies, thiamine (500–
2000 mg/day), lipoic acid (which is bound to the E2

component), carnitine, and DCA have been tried, with
variable results (294,303). Additionally, a high-fat
(75–80%), low-CHO (5%) diet has been useful in some
patients. The rationale is to provide alternative
sources of acetyl-CoA, not derived from pyruvate
(294). However, a detailed study showed mild

improvement in development but not change in
long-term survival of these patients (336). In PDHC
deficiency, due to abnormalities in the E3 component,
dietary treatment is more difficult as the affected
enzymes impair protein, carbohydrate, and fat metab-
olism. Restriction of branched chain AAs (as in
MSUD) is helpful to reduce blood levels of branched
chain AAs and their metabolites in urine (294).

In patients with PC deficiency, treatment with
biotin (10–50 mg/day) indicated. Citrate and aspar-
tate have also been tried in this condition, with
improvement in blood chemistry but poor long-term
neurological outcome (317). A low-fat high-CHO diet
with frequent feeds is also indicated in PC deficiency
as well as in all the other gluconeogenic defects
(294,333). Additionally, restriction of protein intake
to reduce production of gluconeogenic substrates
has been proposed in PC deficiency. Recently, a
patient with neonatal-onset PC had a remarkable bio-
chemical response after treatment with triheptanoate,
which has an anaplerotic effect in TCA cycle. How-
ever the natural course of the disease could not be
changed (315).

In patients with FDP deficiency, mild restriction
of sucrose and fructose is indicated.

Long-term treatment for OXPHOS diseases has
been disappointing (337–338), except for the above-
mentioned responses to CoQ10 treatment (334–335).
Controlled exercise may be helpful in some patients
to enhance the aerobic capacity and decrease lactic
acid levels (319). Liver transplantation has been per-
formed in patients with hepatic respiratory chain
disorders, but extrahepatic manifestations may
appear later, despite successful transplantation (339).
Treatment with valproic acid and phenobarbital
should be avoided, as they inhibit the respiratory
chain (332). Supportive treatment for the different
manifestations of OXPHOS diseases (exocrine pancre-
atic deficiency, anemia, diabetes, renal Fanconi
syndrome, etc.), as well as psychological support for
patients and family, should be provided.
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INTRODUCTION

Prevalence of private practice endocrinology is rising
in the United States, with 30.9% of the applicants for
the 2003 pediatric endocrine board certification exam
indicating involvement with private practice (1). This
is up from 19.3% for those registered for the 1992
exam. Of those taking the 2003 exam, 10.3% were
full-time subspecialty physicians in private practice
(up from 4.1% in 1992), 7.4% were in a part-time sub-
specialty and part-time general pediatrics (down from
11.1% in 1992), and 13.2% were full-time subspecialty,
partly in private practice and partly in an academic
setting (up from 4.1% in 1992). However, these stat-
istics do not account for pediatric endocrinologists
who have shifted their time and effort to a full-time
practice of the specialty after attaining the board cer-
tification, nor do they account for full-time academic
colleagues engaged in direct patient care as their prin-
cipal activity. This chapter attempts to assist and
encourage those considering private practice, as well
as to offer some guidance from my own experience.
Hopefully, some of these factors will benefit those in
academic medicine, much of which is changing to
become increasingly like private practice with the
same concerns about patient issues, reimbursement,
and contracting.

PRIVATE AND ACADEMIC PRACTICES

One major factor in a successful practice is putting out
a good product that satisfies the patient’s needs, as
well as fulfills the referring doctor’s expectation of
your involvement in their patient’s care. A private
pediatric endocrinologist has the personal satisfaction
of developing a patient-care program of one’s own
making, one that is not subject to as many external
forces as university-based physicians have to
deal with, such as department heads, hospital admin-
istrators, and others giving input in the running of—
and reimbursement to—the program. Private practice
endocrinologists are required and able to meet

directly with insurance companies and negotiate
contracts, and to either accept or reject them based
on their worth. Conversely, university-based or
hospital-based endocrinologists’ contracts are often
negotiated by surgeons, neonatologists, cardiologists,
and cardiac surgeons. These specialists have a major
stake in the overall contract and are willing to under-
sell pediatric endocrinology reimbursements because
these are considered a ‘‘lost leader’’ service. Most
private pediatric endocrinologists take an active role
in the billing and evaluation of their practice and have
the right to refuse or accept different insurances,
depending on whether the reimbursement for pedi-
atric endocrinology is adequate.

Many university- and hospital-based endocrin-
ology groups have become more like private
practices within the university setting. Visible benefits
include physicians having more say as to how to run
their practices and calculate their reimbursement. The
position of the university- or hospital-based physician
is generally salaried and includes some incentives,
with the majority of income guaranteed. Many aspects
of a successful private pediatric endocrinologist
practice may be appealing to the academic endo-
crinologist. Pressure on academic endocrinology
departments to improve their reimbursement and to
become more streamlined is increasing. Furthermore,
academic endocrinologists have teaching and research
responsibilities that cause difficulty when also having
to attend to the details required to run a successful
private practice. These endocrinologists are also
somewhat inhibited by the difference in coding
for—and reimbursement of—hospital-related visits,
which is often different than that of the private prac-
tice endocrinologist. This again addresses the subject
of private practice endocrinologists’ negotiating
contracts by themselves, rather than referring to a
full hospital or multispeciality clinic scale for
reimbursement. On the other hand, independent
endocrinologists experience added stress as well
as risk in not having the safety net of a department
in the event their practice does not succeed.

SECTION V
Special Considerations and Resources



Pediatric endocrinologists in private practice often
participate in clinical research as well as in teaching
students, residents, and fellows within their own
settings.

A major difference between academic and priv-
ate practice endocrinologists is flexibility. Generally,
private practice physicians can set their own hours.
However, an academic institution does not provide
that flexibility to the pediatric endocrinologist, and
often demands ‘‘productivity’’ in clinical services
without consideration to teaching and research activi-
ties. Private practice endocrinologists can control their
overhead and employ a small or large staff. They also
have the ability to develop programs within the office
setting, such as diabetes education classes and sup-
port groups. While some programs have no direct
financial benefit, overall they are seen as beneficial
for the clinic or community. In addition, these
programs are not subject to the scrutiny of a hospital
or academic administrator.

A successful pediatric endocrinology practice
must adapt to various fluctuations, such as age of
patient, as well as their socioeconomic and edu-
cational backgrounds. The practice also needs to be
able to adapt to changing insurance coverage and
insurance circumstances such as HMOs, private
insurance, and welfare. It needs to deal with patients
who lose or change their insurance coverage or
employment. In addition, the practice must adapt to
the doctor’s changing age, energy, and personal com-
mitments. A new physician may be able to devote an
extensive amount of time to getting established,
whereas a more established endocrinologist may be
able to afford more time away from the practice. On
the other hand, a young physician may also have
personal commitments such as young children and,
therefore, not be able to work as many hours or week-
ends/evenings due to family needs. Of course, as the
children get older the physician’s ability to devote
more time to the practice will also evolve.

Building a successful private pediatric endocrin-
ology practice, be it an independent practice or one
within an academic or hospital setting, requires a
number of things. Primarily, hard work, organization,
and a commitment to the practice are critical. Also
required are good listening skills and empathy, as
well as the ability to adapt and be able to provide a
good service at all times. For instance, community
outreach programs such as lectures to the general
public and participating in health groups help to earn
the physician’s respect from other physicians and the
general public, as well as to establish the physician’s
reputation as an expert in the field. Continuing medi-
cal education through conferences is valuable, as is
communication with referring doctors through
prompt updates on their patients and answers to
medical queries not related to specific consultations.
Being available to doctors to deal with their concerns
and support their services requires flexible hours,
which makes the pediatric endocrinologist more

available to deal with emergencies and other urgent
matters of physicians and of parents. Adjusting to
parents’ working hours is often necessary, which indi-
cates that you care enough for patients, their families,
other physicians, and the community to make your-
self available during nontraditional working hours.
The important ability to listen to parents enables
you to understand concerns and bring them into a
partnership with the care of their child. It is essential
to address each patient’s needs, both personal and
specific to each patient group, such as diabetics. Avail-
ing yourself to other physicians and their concerns is
key and may enhance your value, not to mention pro-
duce for you more timely and appropriate referrals.
Also, tune in to the needs of the community and
respond with any resources you may be in a position
to provide, which are not presently available or are
inadequate.

PERSONAL EXPERIENCE

Early in my career, I was a fellow in Seattle. At the end
of my fellowship, I decided to stay in the area because
my family was there. I became a junior faculty mem-
ber at the University of Washington. At that time,
there was only one academic faculty member in the
Division of Endocrinology, and he did no clinical
practice. The clinics at Children’s Hospital were
maintained by me and other local private practice
pediatric endocrinologists. Two other private practice
endocrinologists and I did most of the inpatient
consultations at the hospital.

Feeling frustrated with the university system, I
decided to establish an independent private practice.
I had been told at the university that the patients were
clinic patients, and they were not to be seen by a
specific doctor in order to allow more exposure
to residents for teaching. It was very difficult for
me to let go of that close relationship I had with
patients and their families, particularly my diabetic
patients. I very much enjoyed the teaching and close
contact with the residents, but the time required to
attend the various meetings was burdensome. I was
concerned, however, about the possible financial
ramifications of opening an independent practice
because, although private practice brought the poten-
tial for higher financial rewards and I was not tenured
at the university, the position I had did provide rela-
tive security.

I chose a geographic area about 25 minutes from
Children’s Hospital in the community where I lived.
The choice of this area was based on a number of fac-
tors: there were several school districts (with a total
of 30,000 students) without a pediatrician. One district
was increasing in population by two new houses per
day. These were all three- to four-bedroom houses
indicating an increase of families with children. I set
up an office of general pediatrics open six half-days
per week, and then spent the other four half-days a
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week attending clinics at Children’s Hospital doing
pediatric endocrinology.

Because I was initially practicing general pedi-
atrics, there was a great deal of resistance from local
pediatricians to refer their endocrinology patients to
me. They were concerned they would lose their
patients to me. It took a great deal of time to convince
them that I was not recruiting their patients for my
general pediatrics practice. I had to be very careful
to refer the patients back to their primary-care doctors
and not allow patients to transfer over to my practice.
After two and half years of solo pediatric practice, I
recruited a trained pediatric hematologist–oncologist
as a partner, who was also willing to practice general
pediatrics with some time committed to hematology–
oncology. Because of our affiliation with the local
Children’s Hospital and the lack of any other pedia-
trician in the large area around where we had set up
our practice, we became a referral service for high-risk
pediatrics patients and the practice continued to grow.

Subsequently, more and more pediatricians
joined us, thus allowing me to decrease the amount
of time I spent in general pediatrics and increase the
time I could devote to pediatric endocrinology. After
about 10 years of work in private practice, I no longer
took new pediatric patients and accepted only new
pediatric endocrinology patients. At the present time,
I spend about 95% of my time doing pediatric
endocrinology and 5% of my time doing general
pediatrics. The latter percentage is mainly taking care
of children of former patients of mine, most of whom
are now adult Type I diabetics. The practice has
grown from a staff of 1 (me), to 26 years later, having
14 providers, eight partner pediatrician MDs, three
part-time employee MDs (one a pediatric endocrinol-
ogist), and three nurse practitioners (one in pediatric
endocrinology), and more than 20,000 active patients.
We also have a part-time certified diabetes educator
nutritionist. A nurse practitioner is able to see and bill
patients without a physician seeing the patient. In my
case, I usually see most of the patients briefly just for
continuity and for the ability to handle phone inquir-
ies about them, should they arise. Nutritionists have
recently gained the ability to be reimbursed for their
services in my area, but I am not sure this is the case
nationwide. Often the reimbursement is better if it is
associated with some type of physician contact.

In my opinion, the key to the growth and success
of the practice was the selection of an area that was
underserved and that had a great potential for
growth, along with acquiring high-quality partners
to provide the best of care. In many ways, starting a
pediatric endocrinology practice without the general
pediatrics would be easier, both in terms of less night
calls and fewer worries by the referring doctors that
their patients would switch to another practice. How-
ever, income is generated more quickly with general
pediatrics. A possible solution would be to practice
pediatric endocrinology without general pediatrics
and offer to perform locums tenums for a large

general pediatric group to become known to the
community and to increase referrals.

After being in practice for 10 years, the
university decided to hire a full-time clinical endo-
crinologist to care for their patients. My time
commitment to the Children’s Hospital had decreased
by then. As the general pediatric portion of my
practice decreased, so did the concern of other pedia-
tricians that referrals to me would result in a loss of
their patients. Interestingly enough, when there was
an emphasis on managed care (which is minimal in
our area today) and people were being assigned
physicians, there was a large influx into our practice
of endocrinology patients selecting us as their
primary-care doctors in order to avoid the necessity
of eliciting an approved referral every time. In the
more recent years, this has become less of a concern.
However, being a primary-care physician for endo-
crinology patients has proven to be a unique
challenge, in that it requires a greater involvement
in immunizations as well as in addressing general
pediatric health-care issues at each visit.

Every doctor entering my practice realizes they
need to be familiar with diabetes management,
because there are times when they are asked to cover
for me when I am out of town. I have had the privi-
lege of having an extremely capable nurse who can
handle most of these cases and can aid in the assist-
ance of the other pediatricians handling these cases
when I am not available. As the practice matured,
the more severe cases of endocrine abnormalities have
been directly referred to Children’s Hospital, which
can provide more intensive care. Mild DKA patients
and existing known diabetics within my practice
are usually taken care of at the local hospital or as out-
patients in our office. A collegial relationship has
developed between me and the Children’s Hospital
staff, and I have participated in working with several
of their research patients, and they have assisted me
in taking care of my inpatients at the hospital when
I am not available.

TYPE OF PRACTICE

The type of practice desired and the location in which
to set it up are much intertwined, and both are equally
important topics.

Type

There are multiple types of practices: solo, group
practice, partnership with adult endocrinologist, and
affiliation with a hospital or even being owned by a
hospital or a major group. Each of these has pros
and cons for the pediatric endocrinologist.

A solo practice allows you to have control over
your staff, your hours, and your ability to change your
practice as needed. You control your overhead and
you make the hiring and firing decisions. But the
downside is that you have to be very much involved
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in the business aspects (which results in time away
from the clinical aspect of the practice). There is some
degree of isolation and no one to talk to. And, cover-
age becomes a major issue.

A group practice has the advantage of being
kinetic, so the higher volume results in less overhead.
Coverage becomes easier. However, you no longer
have sole control over decision making; rather, any
decisions need to be made by consensus. There can
be differences in billing practices, differences in work
practices, differences in educational tools (i.e., dia-
betes educators and diabetes classes) and differences
in treatment styles. If one is entering a group practice,
or deciding to start one, it is important to get smart
people. Trading less on-call for poorer quality physi-
cians usually ends up making things more difficult
for you.

Some of the advantages of partnering with an
adult endocrinologist include the large volume of
patients brought into the practice. These physicians
often own many of the laboratory facilities that can
increase income. The pediatric endocrinologist
can transition patients directly to the adult
endocrinologist, making the transition convenient
for both the physicians and the family. However,
the disadvantage of this partnership is that the pedi-
atric endocrinologist often has more overhead.
Pediatric patients, especially young diabetics, demand
more of your time along with that of diabetes educa-
tors and dietitians. Occasionally, the resources for
diabetes education and nutritional advice can be
obtained in the community and not at the physician’s
expense. However, in most instances, these resources
are geared for adults. This leaves the pediatric
patient and parents having to search elsewhere for
information.

Affiliation with a hospital or a university,
whether the practice is owned by the hospital or is
partially managed by the hospital or university or a
large health-care organization, has the advantage of
somewhat more secure income, less physician-funded
startup costs, most established referral patterns, and
immediate recognition for the community of a large
number of doctors. Depending on the relationship to
the hospital, there would be some concern about
who controls the staffing and the contracting, as well
as who establishes the work hours, coverage, and
on-call schedules. However, this affiliation may also
create some restriction on which laboratories, X ray,
and magnetic resonance imaging facilities are used,
resulting in the possible use of a facility that may
not have a lot of pediatric experience.

These are among the various issues facing each
type of practice, and each one needs to be anticipated
and addressed up front.

Location

A good doctor can make a reasonable living almost
anywhere, despite all the current day encumbrances

with market healthcare. First and foremost, consider
the location in which you would like to live. The
United States has an increasing number of pediatric
endocrinology patients, particularly the ever-growing
number of diabetics and their need to attain better
control of their disease. Therefore, the need for pedi-
atric endocrinologists is only going to be increasing
over time. The number of qualified caregivers is not
increasing as fast as the number of patients. Of the
989 board-certified pediatric endocrinologists, 22.5%
of these are over 60 years old and another 16.3% are
56 to 60 years old (1). The median age is 52.9 years
old. Only 62 pediatricians passed the 2003 pediatric
endocrine certification exam, which is given every
two years (1). In many areas, the need for pediatric
endocrine services is provided by other specialists
and general physicians. However, pediatricians are
most often reluctant to care for and participate in
the treatment of diabetics. And although adult endo-
crinologists are often willing to transfer the care of
their pediatric patients to a pediatric endocrinologist,
this willingness may not be evident with the care of
other pediatric endocrine patients, i.e., those with thy-
roid or growth disorders.

The population required to support a pediatric
endocrinology practice varies. In general, a popu-
lation of 100,000 to 200,000 is needed. But it all
depends how on the doctor functions, attracts
patients, establishes a referral pattern. The typical
pediatric endocrine practice consists of a large pro-
portion of Type 1 diabetic patients (50–60%) (2). In
our practice, this is also the case: diabetics account
for 54% of visits, growth disorders 27%, pubertal dis-
orders 9%, and other endocrine disorders 10%. There
are more than 13,000 new children who develop dia-
betes every year (Vol. 1; Chap. 3), thus the need for
pediatric endocrinology will continue to grow. More-
over, the current epidemic of obesity has also been
associated with a higher prevalence of Type 2 diabe-
tes and of insulin resistance in children (Vol. 1;
Chap. 3), and because of this, the higher demand for
pediatric endocrine services will need to be met. A
practice that cares for diabetics will also grow faster,
though it requires more personnel and clinical associ-
ates. Diabetics need to be seen more frequently and by
more individuals.

The distance patients need to or are willing to
drive to see a pediatric endocrinologist depends on
the presence of other competitive pediatric subspecia-
lists in practice or in academic centers (however, the
service that that physician provides to the family
and to the referring physician can make all the differ-
ence). It is not uncommon for a patient in Montana to
drive 400 miles in a day for a clinic visit. Their only
other option is to get on an airplane, because as of this
date, there are no pediatric endocrinologists in that
state. The reverse may also apply, as pediatric endo-
crinologists may want to serve and cover the need
in far distant places. But one needs to exercise caution
when doing this, because these areas may be so
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economically depressed that the number of uninsured
or poorly insured patients makes it economically
unfeasible for a pediatric endocrinologist to succeed.

In checking location, it would be important to
examine the demographics of the insured: the percent-
age of patients on welfare, the number of uninsured
patients, the percentage of patients who have HMOs,
and the general reimbursement by the major insurance
companies. This information can be obtained through
the local medical society and other physicians. Local
hospitals would be able to provide information on
the percentage of patients who are with each insurance
company. Look at the major industries in the area and
the type of insurance they provide. It is important to
see if an area is growing or declining in population,
particularly if families with young children are mov-
ing into the area. Oftentimes, poorer patients have
higher needs, require more paperwork because of their
state-provided insurance, have more social issues, and
often create an increased number of no-shows.
Patients with a lower level of education may be more
difficult to work with, but all of these factors need to
be balanced against a personal social conscious level
for providing for these patients.

Setting up a practice in a wealthier neighbor-
hood brings its own challenges. Setup costs may be
higher. The staff has to be more professional and
should have higher technical skills. However, these
costs will be balanced against higher collections.
Working with well-to-do patients often has its own
issues: they are more demanding; they often have
achieved a higher level of education, and, as a result,
are more up-to-date on the medical issues. They have
better access to Internet and, therefore, can demand
answers to questions they have researched. One local
pediatric neurologist has become so popular that he
no longer takes insurance: he requires payment up
front. Therefore, he has no billing. He has very few
cancellations and has a very full practice, and he
meets his social consciousness by giving 10% of his
practice as free care. I do not know of a pediatric
endocrinologist who has this luxury.

Oftentimes in looking at a location where other
pediatric endocrinologists exist, certain things should
be considered. You may have the option of joining an
existing practice. If you are going to eventually buy
the practice, look at the age of the doctor who may
be near retirement and may want to slow down.
This decrease in overall production will increase
the burden of overhead on a younger physician. An
older pediatric endocrinologist may have an older
group of patients who may not remain in the practice
for a long period of time, thus decreasing the value of
the older pediatrician’s practice; i.e., if the average age
of growth hormone–deficient patients in the practice
is 14 years old, those patients will most probably
move on to an adult practitioner sooner than a growth
hormone–deficient patient who is six years old. All of
these factors must be taken into consideration when
choosing a location.

BUILDING A NEW PRACTICE

Beware of what you wish for. Having more patients
does not always mean making more money and often
means less free time. You can expect to see two kinds
of patients: one is very demanding, has been through
three or four other pediatric endocrinologists, requires
a lot of time, and has a lot of needs. It is important to
listen to these patients and try to meet their needs, but
it is also very important to set limits with them. The
other type of patient is one who is newly diagnosed
and wants to see a doctor right away. This patient
has been referred to you by his/her pediatrician
because you are new in town and can get them in fast.
It is important to spend time with these patients and
to also have direct contact with their primary-care
physician by phone. Usually when you start a prac-
tice, you are going to have plenty of time and,
therefore, a good service to the primary-care physi-
cian by a letter and personal phone call often can
introduce you to them and increase your referral base.
It is important to be personable with your referring
physicians, but, on the other hand, sooner or later,
your privacy is going to become a major issue. I found
out the hard way to not give out my pager number,
cell phone number, or residential phone number.
You have to establish the maximal amount of accept-
able intrusion into your life.

Giving talks to the public is a good way to
increase your exposure and, in turn, your practice.
Some excellent venues are local hospitals, major pedi-
atric groups, JDRF or ADA functions, as well as
parent support groups such as the Turner’s Group
or the Human Growth Foundation groups. Attending
the state pediatric society meeting is also helpful, not
only to get yourself known, but oftentimes they have
very good seminars on topics such as practice man-
agement billing, and coding for insurance, which
can all be very helpful. As we will discuss later, billing
and coding are ever-changing and require constant
attention and revision to get the most for your efforts.

In setting the hours of your practice, it is wise,
and even advantageous, to provide evening and
weekend hours. If you are involved with a pediatric
practice, it is often possible to have evening hours or
weekend hours when you are on call for some other
reason. Making yourself more available can be an
initial drawing factor to you. But as your practice
matures, you may find that you do not want to main-
tain these extended hours. Once a precedent is
established, however, as time goes by, it may be more
difficult to change it. This must be weighed carefully.

Staffing and Office Space

When starting up a practice, two of the biggest costs
are staffing and rent. The space needs to be large
enough to accommodate your growing practice and
your ability to work. However, leases can be nego-
tiated so that the first several months can either be
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free with an increase over a period of time, or reduced
rent or help with the cost of leaseholder improve-
ments. It is a common practice to give several
months of free rent with an allowance for tenant
improvements. The more free rent and the higher ten-
ant improvements are usually associated with a
longer lease commitment. This is all negotiable.

In starting a solo practice, it is not necessary to
have a lot of employees. Your initial hire should be
a billing person, as this is the lifeblood of your prac-
tice. The person needs to be committed to the
practice, and is probably the most key employee in
the office. The billing person needs to be aggressive
in discussing the bills submitted with the insurance
companies, needs to be convinced that your services
are worthwhile and legitimate, needs to be com-
passionate in discussing bills with patients and their
families and also be able to solve problems. The per-
son needs to be intelligent and have good
communication skills, but does not necessarily have
to have completed a college degree. This person must
keep you informed and be accountable to you. A per-
son who does not have billing experience can receive
training through seminars with medical associations,
or can attend national seminars that are set up by dif-
ferent corporations on coding, billing, and collecting.
In my experience, every penny that has been spent
on education has returned itself many times on the
investment.

Initially, the billing person will have enough
time to check in patients, make sure that the billing
codes are accurate, and answer phones. Prescription
refills can be a major problem, especially for diabetics.
We have developed a form with all the diabetes sup-
plies (insulins, test strips, syringes, pen needles,
ketostix, lancets, etc.) with frequency of use, amount
used, supply quantity, and duration of prescription
(Table 1). My nurse or I fill this out for a year. We then
make multiple photocopies (mail-order, local phar-
macy, travel, lost prescription, and one for our files),
so the receptionist can fax if needed without my
involvement. We have also instituted a diabetic pre-
scription line on our phone system, which gives
specific instructions on the information needed to fill
a prescription. We request that the patient have the
pharmacy fax us an order to be signed, which cuts
down on workload. Growth hormone is handled dif-
ferently. After each clinic visit, the note is sent to the
distributing company for them to resubmit for
insurance approval. As the practice grows, there will
be more phone calls and more patients, and more staff
will need to be added. I would suggest hiring a nurse
with either significant pediatric experience or experi-
ence in endocrinology; having both would be ideal.
The less experience a nurse has in either field, the
more time it is going to require you as the doctor to
educate the patient. You can have meetings; they
can sit in with patients. They can listen to phone dis-
cussions, and how problems are handled. They could
attend the Pediatric Endocrine Nurses’ Association

and Diabetes Educator Association meetings. There
are also local pediatric endocrine programs. They
should be encouraged to attend these programs and
to discuss unique and interesting patients. This gives
them a feeling of responsibility, confidence, and
respect, and allows them to feel that they are a worth-
while part of your practice. You can also increase their
knowledge of pediatric endocrinology by enrolling
them in the Pharmaceutical Growth Hormone Regis-
tries, which all have meetings the nurses can attend.
Their education is key to the success of the practice.

Eventually, as the practice gets larger and the
demand increases, the hiring of a receptionist and/
or a medical assistant may become necessary. This
depends on the volume of the practice and the desire
of the physician for staffing. Again, staff is part
of overhead, and more overhead, either in space
or in staff, decreases the amount of income to the
physician.

Originally starting out, it is possible for the
physician to supplement his/her salary by doing
locums for other physicians. I would suggest, how-
ever, that this be done a distance from the primary
pediatric endocrine office in order to avoid a sense
of competition from other pediatricians who may, in
turn, decrease their referrals. Another source of poten-
tial income is covering on call for the university or
being partly involved in the university clinic system
and receiving reimbursement. This would increase
rapport between the academic and private pediatric
endocrinologist as well as create collegial relation-
ships with them.

Equipment

A pediatric endocrinologist does not need a lot of
equipment to set up an office. A main computer
system, depending on whether you want to have
scheduling as well as billing, is a good start. An elec-
tronic medical record system would be ideal and may
be worth the original expense, because it is very diffi-
cult to institute later on and it may also be more costly.
In-office equipment would include a bone age book,
orchidometer, blood pressure cuffs, Lange calipers
for skin fat fold thickness and, ideally, an A1c-
glycosylated hemoglobin machine. Very little other
equipment is necessary, such as DEXA scans and
X-ray machines. The value of having these pieces of
equipment could be considered at a later time and
depends on your association with others who would
utilize this expensive equipment.

In considering a laboratory, it is important to
have the age-related norms for the various tests. It is
also important to have a good turnaround time and
results that are presented in a readable manner. Most
of the laboratories understand that pediatric endocri-
nologists have a great deal of testing and are very
willing to change their forms and systems around to
meet your needs. Very often, there can be competition
between different laboratories for your testing, and
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this should be considered when choosing a laboratory.
Also to be considered when choosing a laboratory is
the volume of blood necessary for each test, handling
of specimens, and turnaround time. The willingness
of the company to resolve conflicts, such as when mis-
taken tests are ordered or the wrong test was
performed, is important. Resolving billing issues for
the patient should also be considered. All of these
can be negotiated and you might find that companies
are very willing to do so.

Performing stimulation testing in the office can
be profitable. It requires good staff, well-organized
procedure documentation, and some equipment.
Intravenous (IV) equipment is relatively inexpensive.
Oxygen and crash carts are necessary, but the necess-
ity of other equipment depends on the test being
done, proximity to medical backup, and abilities of
the doctor and staff. IV hydration of diabetic patients
at times is inconvenient for the doctor, but can also be
profitable. Often insurance companies and HMO’s

will look at the pediatric endocrinologist who per-
forms such services as being a cost savings to them
and, therefore, will be more favorable in their
reimbursement for not only this procedure but also
other billings as well.

Credentialing and Privileges

Private practice pediatric endocrinologists have
numerous ways to obtain CME credits. Regional pedi-
atric endocrinology meetings are held annually. In the
Seattle area, we have a monthly speaker at our local
Children’s Hospital. The Adult Endocrine Depart-
ment has weekly seminars and a quarterly daylong
‘‘Endocrine Days’’ conference, which often has topics
of interest to the pediatric endocrinologist. In
addition, the National Growth Hormone postmarket-
ing study groups supply updates and, if you are
involved in their study, can have the study paid
for by the group. The Lawson Wilkins Pediatric

Table 1 Prescription Form

Name:_________________________________ Date:____/____/____

Diabetes Supplies Prescriptions:

Insulin Type Amount Directions # days supply Renewal, length

Humulin R ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Humulin L ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Humulin N ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Humulin U ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Humalog(H) ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Humalog Disposable Pen ______Boxes; 5/box ______Units/day 30 60 90 6 mo. 1 yr.

Novolin R ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Novolin N ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Novolin L ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Novolog Dispos. Flex Pen ______Boxes;5/box ______Units/day 30 60 90 6 mo. 1 yr.

Novolog ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Lantus (Glargine) ______Vials ______Units/day 30 60 90 6 mo. 1 yr.

Novolog 3 cc cartridges ______Boxes;5/box ______Units/day 30 60 90 6 mo. 1 yr.

Lantus 3 cc cartridges ______Boxes; 5/box ______Units/day 30 60 90 6 mo. 1 yr.

Test Strips

Freestyle ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

One Touch (Ultra) ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

Glucometer ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

Precision ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

Advantage or Complete (Comfort

Curve)

______Box/100 ea Use______ X/day 30 60 90 6 mo. 1 yr.

Compact (17 strips/drum) ______Box/2drums Use______X/day 30 60 90 6 mo. 1 yr.

Ascensia Autodisk (10 strips/disk) ______Box/5 disks Use______X/day 30 60 90 6 mo. 1 yr.

Ascensia Microfill ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

True Track ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

Blood-glucose test strips ______Box/100 ea Use______X/day 30 60 90 6 mo. 1 yr.

Syringes

B-D Ultrafine .3 cc .5 cc 1.0 cc

short needle II-III normal needle

______Boxes of 100 Use______X/day 30 60 90 6 mo. 1 yr.

Other syringes ______Boxes of 100 Use______X/day 30 60 90 6 mo. 1 yr.

Needles for Pens

B-D normal short II-III ______Boxes of 100 Use______X/day 30 60 90 6 mo. 1 yr.

Novo normal short II-III ______Boxes of 100 Use______X/day 30 60 90 6 mo. 1 yr.

Ketone test strip (foil wrap) ______Box/50 ea Use as directed 30 60 90 1 yr.

Glucagon Kit ______Kits Unconscious 30 1 yr.

Lancets ( ) ______Boxes of 100 Use X/day 30 60 90 6 mo. 1 yr.

Phenergan Supp. mg pr q6h prn # 30 1 yr.

Richard S. Mauseth, MD_______________________________
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Endocrine Society is a great place to keep up-to-date
and also earn CME credits while being able to net-
work with other physicians. I also try to attend
either or both the ADA and Endocrine Society’s
national scientific meetings. These supply the most
up-to-date research but also are more clinician
oriented. Over the last several years, the American
Association of Clinical Endocrinologists meetings
has become more pediatric oriented and provide
further opportunities for obtaining practice manage-
ment information as well as clinical information.

I am on the active staff at my local hospital as
well as at the local Children’s Hospital. As a physician
has fewer patients in the hospital, it is becoming
harder for the credentialing bodies within these
institutions to evaluate physicians performance.
Therefore, it is beneficial for a physician to have
some involvement with hospitalized patients. If
this is not possible, there are methods for gaining
credentialing.

BILLING

When establishing a private practice, the physician
must be directly involved with the negotiations of
the contracts with various insurance companies.
Every three months, I sit down with my bookkeeper
and we review our billing (number of visits for
each code, number of tests, and the reimbursement
for each from our major contractual companies). Often
there are significant discrepancies between compa-
nies. When this happens, we will point this out to
the company with the lesser reimbursement and
inquire as to how we could bill differently to get the
more appropriate reimbursement. In one instance,
one company gave us a separate diabetes education
code, which reimbursed significantly more than what
we were charging. Two years later, they decided not to
accept that code. We then had to renegotiate with
them the code for that service, upon which they
suggested a different method to bill for our services.
It pays to be aggressive at getting reimbursement
and not merely settle for what they will give you.
Again, an aggressive billing person is your lifeblood.

One of the most important functions in a private
office is billing appropriately and accurate documen-
tation of your time. If you spend 1 hour and
15 minutes with a patient and you bill an hour for
the visit, this bill will be coded as a prolonged visit
with extenders. Each requires close documentation
of time and decision making. Unless you can meet
the criteria for each of the codes as well as the require-
ment for the extended coding time, the billing will be
disallowed and they will downgrade your reimburse-
ment. The amount of time spent with each patient
should be noted in their chart. If a bill is contested,
you may be requested to provide records as to
how much time you had routinely scheduled
with the patient. Therefore, the time should not be

exaggerated. Or, if any extenuating circumstances
should arise, these should be clearly explained in your
notes.

A 99215 code, which is oftentimes used as a fol-
low-up visit charge, requires an interim history,
evidence of complex decision making, evidence of
review of systems, interim social history, dietary his-
tory, and a full physical exam. If the insurance
company requests the patient’s chart, the claim will
oftentimes be rejected if the information denoting the
extended service is not satisfactory. In my practice, I
have developed a form for each visit, which mandates
that I fill in each box (Table 2). The letter generated by
the first part of this form is listed in Table 3, while the
latter part satisfies the complexity of the billing code.
This makes it more convenient and easy for me to
remember to complete the forms. It also clearly shows
to anyone auditing the visit that each of the criteria for
that billing code is satisfied. This also helps in the
defense of a bill, stating that you have done what is
needed to satisfy a certain billing code and, therefore,
deserve to be paid. Oftentimes the nurse checking the
patient in can fulfill these forms. The forms can very
easily be incorporated into an electronic medical record
with a template for each of the major pediatric endo-
crine diseases. Templates would include Type I
diabetes, Type II diabetes, congenital adrenal hyper-
plasia, polycystic ovarian syndrome, congenital
hypothyroidism, thyroiditis, hyperthyroidism, growth
disorders, growth hormone deficiency or insufficiency,
Turner’s syndrome, early puberty, early pubertal disor-
ders (premature adrenarche, premature pubarche, and
premature thelarche), precocious puberty, delayed
maturation, hypogonadism, panhypopituitarism, and
a blank general form that has no specific disease. Each
would have general descriptions of the chief com-
plaint, along with height, weight, stats from the
physical, as well as a review of systems, social history,
dietary history, and interim history—all of which are
required for the 99215 coding. If each form is set up cor-
rectly, it can automatically provide a letter that can be
customized to fulfill a narrative, but sound like a per-
sonal dictation. It would include all the information,
but would not look like a standard form letter, there-
fore eliminating much of the need for dictation.

In our experience, coding for a 99214 is less
likely to create chart notes requests and requires less
documentation, but it also receives less reimburse-
ment. A 99213 is the same code that a general
pediatrics office uses for an ear infection. It requires
very little documentation or past history. It is unlikely
to be audited. Again, this has a lower reimbursement
scale. The difference in billing a 99215 versus a 99214
is very important. A 99215 is usually quoted as a 30 to
40-minute visit, where a 99214 is coded as a 20 to 25-
minute visit. The criteria of history taking, complexity
of decision–making, and physical examination for
each of the different billing codes are listed on Charts
1 to 4. The 99215 requires more extensive documenta-
tion, which can easily be taken care of by organized

410 Mauseth



forms of EMR templates. If you bill for two patients
per hour and you compare 99215 versus 99214, the
collections, at least in our experience, are 42% more
with the 99215, making it worth the increased effort
to fulfill the documentation requirements.

Reimbursement for coding can often change and
differs greatly from region to region and year to year.
Several years ago, a 99244, which is a consultation
code with the same documentation criteria as a
99205 (a new patient code), had higher reimburse-
ment. The latter allowed resumption of care for the
diagnosis code, whereas the former code had a limit
of two visits. More recently, the 99205 has reimbursed
better for not only the original visit but also for
subsequent visits. This was about a $32 difference
per visit. When multiplied by the number of visits
per year (1500–3000 visits), a small increase becomes
very significant. This is what has happened in my area
and, although it may not be representative nation-
wide, shows the need to pay close attention to
coding, reimbursement, and the change in reimburse-
ment by each coding criteria over time.

It is often beneficial to organize your diagnoses
according to billing codes. For example, a diagnosis
of early puberty is for patients who are being followed
for early puberty and is coded as such, whereas the
code for precocious puberty is for a patient who is
on treatment. This would allow you to retrieve all
your patients by specific diagnosis and treatment
codes if at some time you wanted to compare these,
either for research or for your own knowledge. It
also allows you to retrieve your diabetes patients
according to coding. These records can be cross-
referenced with their last visit to see how many
patients are not coming in for routine visits, thereby
allowing you to send them reminder notes to schedule
an appointment.

An initial physician’s visit, which often takes an
extended period of time, needs accurate documenta-
tion. Making note of time in and time out is often
useful. One of the techniques that works best for me
in explaining the complexity of the discussion I have
had with parents and family is to make sure that I
have copies of all documents, particularly drawings
I have made during the review of the original disease,
different treatment options, pros and cons of treat-
ment, risks, and other topics I have discussed with
my patients and their families. In order to prove a
prolonged visit of 45 minutes to two hours, a copy
of the written documentation can be sent to the
insurance company to illustrate the complexity and
time spent with the patient. These visits almost
always will require clinic notes to be attached. For a
new onset diabetic patient who is being treated as
an outpatient, we have created a checklist of things
that are discussed at each visit. Either the diabetes
educator, the nutritionist, or I will sign off on each
one of the items that is supposed to be covered. This
checklist documentation can be used at any time, to
teach injection technique, institute insulin pump ther-
apy, or address other common problems (see Table 4
for example of initial new onset diabetes outpatient
education). These will again explain the complexity
and necessary time spent on each one of these patients
at each one of these visits.

Table 2 History and Physical Examination Form

Short Diabetes VISIT/MDI Date:

Dr. Name:

Pt. Name:

His / Her

A1C_______ / Down From ______ / ____ mo. Ago

Control: Excellent Good Fair Poor

Avg. Blood Sugar _______mg/ dl

Lantus______Units at ________

Novolog/Humalog _______units/ _______carbs

_______units/ ________mg/dl

Drop ___________Desired_____________

____Units/kg/day: Very High High Avg Low Very Low

# lows/week: 0, 1, 2, 3, 4, 5, 6 Symptomatic at______

Rec. of lows: All, Most, Less than half, Only part, None

Concern for lows: A Major Mod Slight No

Height__________cm Weight__________kg

Tanner Stage: I, II, III, IV, V

Recommendations:

a.

b.

c.

d.

PHYSICAL EXAM: B/P _________/ A.P.________________

HEENT Nl / Abn. ___________________________________

Eyes Nl / Abn ___________________________________

Thyroid Nl / Abn ___________________________________

Chest Nl / Abn____________________________________

Cardia Nl / Abn____________________________________

Abd Nl / Abn____________________________________

Skin Nl / Abn____________________________________

Exrem Nl / Abn____________________________________

Neuro Nl / Abn____________________________________

Pubic Hair I II III IV V

Breast

Genitalia I II III IV V

ROS_______________________________________________

General Nl / Abn_____________________________________

Respiratory Nl / Abn__________________________________

Cardiac Nl / Abn_____________________________________

G.I. Nl / Abn________________________________________

Urinary Nl / Abn_____________________________________

Neuro Nl / Abn______________________________________

Reproductive Nl / Abn________________________________

Skin Nl / Abn_______________________________________

Muscular Nl / Abn___________________________________

Social_____________________________________________

Grade________________ Doing Well, Fair, Poor

Living with Parents, Mom_____ Dad _____

Friends Good, Bad_________________

Living in house, Apt ________________

Interim/Past Medical History ___________________________

Family History

No Change______________ Divorced

________________________________

Health Parents ok_____ No change_______

Siblings ok, no change____________

Grandparents ok, no change ______________

Comments __________________________________________

Chapter 18: Private Practice of Pediatric Endocrinology 411



The reimbursement for nutritional visits and
diabetes educator visits has improved. It can be done
one of two ways: bill for the nutritionist or for the
diabetes educator separately, or, incorporate each of
these allied health professionals into a physician visit,
which can then be coded at a higher level. In many
cases, documentation can be done by the nutritionist
or diabetes educator who would expand on it
with written notes, followed by the physician’s
acknowledgment of reviewing the notes with
the patient. This acknowledgment not only verifies
direct patient–physician contact, but also allows the
physician to review the visit, discuss future plans
with the patient, and arrange for follow-up. If a billing
code has been denied or reduced, a letter to the
insurance company, or even a phone call to the medi-
cal director explaining the bill and explaining the time
(even documentation retroactively) will often be suc-
cessful in gaining a better reimbursement. If this is a
persistent problem, either the documentation accom-
panying the original bill should be reconsidered, or
a standard letter of explanation should be adopted
to accompany a submitted bill. Oftentimes, the orig-
inal denial of a claim is made by a nonmedical
person looking at records he/she did not recognize
as illustrating the complexity of decision-making,
physician exam, or history.

Going to the medical director or to a supervisor
who has some background will often be successful, as
is aggressive follow-up on coding with the insurance
company. There are some instances where the
insurance company, after having several of these dis-
puted claims, will suggest certain coding which, to

them, justifies your claim and increases your likeli-
hood of receiving more appropriate reimbursement.

It is often worth knowing what each insurance
company pays for each one of the billing codes, so
you can know what to expect for reimbursement. This
is important if you are in a partnership, and one part-
ner is billing 99214s and receiving a higher percentage
of reimbursement than another partner who is billing
99215s and receiving a lower percentage of reimburse-
ment. This is particularly important if the distribution
of income to each partner is based on total billing.

Often it is beneficial to meet with the medical
director and staff of the insurance company, who will
be reviewing your bill. This creates rapport and
will eventually enable you and your staff to save time,
not to mention receive better reimbursement. These do
not need to be long talks, and can often occur outside of
routine office hours, so you do not lose billable time. It is
often best to have your billing person accompany you
so that problems can be discussed directly with the staff
at the insurance company. The Barbara Davis Center in
Colorado has negotiated for bundled care for the first
several months of new onset diabetes care with the
insurance company, allowing the center to provide
excellent, yet more flexible care of these patients while
not having to admit them to the hospital. I am not sure
of the specifics of how they have worked this out, but it
serves as a good example of how someone with a good
product can show the contractual payers that it is cost
effective and works well.

Stimulation tests and tests in the office are often
difficult to get reimbursed. The major factor to
improve reimbursement is documentation and more

Table 3 Letter Generated by Form Note January 30, 2006

Doctor _________

RE: ___________________________ Birthdate ____/___/____

Dear:______

I recently saw ____ for her/his diabetes. Her/His A1c was ___, up/down from _____ ____months ago. This represents excellent/very good/good/poor

concerning diabetes control. Her/His average blood sugar was ____. She/He is on ____ units Lantus at __:__ AM/PM and a NovoLog/Humalog__ unit/10

carbs;__ unit/50 mg/dl drop. She/He has __ units in the a.m., __ with snack, __ with lunch, __ with dinner and __ at hs. This represents an insulin dose of

_.__ units/kg/day, which is very high/high/average/low for her/his age, weight and stage of puberty.

She/He is having __ low blood sugars per week, with symptoms in the __’s in the AM/PM, and is recognizing these all/most/some/none of the time. These

appear to represent a slight/moderate/great concern to the patient and family.

On physical examination her/his height is ___._ cm, weight __._ kg. and pubertal stage is Tanner ___. My recommendations are:

1.

2.

3.

Thank you very much for allowing me to see one of your patients. If you have any questions or concerns, please give me a call.

Sincerely,

Richard S. Mauseth, MD, FAAP, PS

RSM:lj

Chart 1 Type of Medical Decision-Making (2 of 3 Factors Must Apply)

Complexity of Medical

Decision Making

Number of Possible Diagnoses/

Management Options

Amount and/or Complexity of

Data Reviewed

Risk of Complication,

Morbidity, or Mortality

Low Complexity Limited Limited Low

Moderate Complexity Multiple Moderate Moderate

High Complexity Extensive Extensive High
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documentation. Often the drugs that are used for
these tests are more expensive than the insurance will
cover. One method of dealing with this is to have the
patient pick up the drug at the pharmacy and bring it
to the office for the test. Protocols must be firmly
established, and it helps to have a flow sheet to docu-
ment every step. The flow sheet should have all
medicines given, all blood draw times and quantity,
and tests to be run. It should include any IV starts,
description of procedure, and discontinuation of pro-
cedure in order to establish length of IV therapy.
Documentation of the physician’s visits with the
patient firmly establishes that the test is being done
under the physician’s supervision and that he or she
is directly or indirectly observing the patient during
the entire length of the test. This information should
be readily available for billing as well as malpractice
purposes.

Because of the continuous changing nature of
reimbursements, physicians should frequently review
them with their billing staff and think of creative ways
to improve outcomes. At times, it is worth doing such
things as a bone age or a glycosylated hemoglobin for
very little reimbursement because it takes more time
and effort to find the results and then to recontact
the patient. One alternative to this is if the lab or
X-ray facility is in proximity to the practice, have a
diabetes patient come in and have glycosylated hemo-
globin measurement an hour prior to the clinic visit at
the external lab. An X ray, if requested from the
previous physicians’ note, can be done similarly if
X-ray facilities are available nearby. Considerations
include the close proximity and availability of facili-
ties versus the time spent having to hunt them
down. By reevaluating your billing and reimburse-
ment, oftentimes you can decide what is your most
efficient practice visit, and that may, to some extent,
influence your scheduling of patients. It may be better

to see a patient two or three times in a row for a
99215 visit, rather than trying to do everything at
one visit, requiring extended time. Some insurances
reimburse fairly well for prolonged visits as long as
good documentation of time and content is made.
However, other insurances do not cover prolonged
codes at all. Patient travel time and compliance must
be taken into consideration when making this
decision.

Successful billing/coding is an ever-changing
phenomenon that requires time, vigilance, imagin-
ation, persistence, communication with other
doctors, and reeducation of staff and doctor. It is dif-
ferent in various regions of the country and often
differs from one insurance company to the next. Just
when you think you have it figured out, it changes.

ELECTRONIC MEDICAL RECORDS

Record keeping by charts has been standard in the
past, but with the institution of electronic medical
records, a new practice has a great opportunity to
set up their office with systems that will allow much
better utilization of time and staff. Not only will a
physician be able to access patients’ records at home
when returning a phone call, he or she will also be
able to document that phone call. At some time in
the future, these phone calls may be reimbursable,
particularly when related to insulin adjustment. Not
only can medical records be set up with templates that
would allow documentation of clinic visits, they could
also present the data for fulfillment of billing codes in
a clear and easily readable manner to the reviewer.

The other issue of record keeping concerns
space. Electronic medical records do not require a
large amount of square footage in the office like file
cabinets do, which can increase the cost of rent. They
make retrieval of records and laboratory tests much
easier.

This technology is still in its infancy and changes
every few months. When determining what type of
system to purchase for your practice, consideration
must be given to its ability to be updated and ser-
viced, as well as to whether or not it is compatible
with the local hospital’s system, the local lab’s system,
and any other outside entity with which your practice
has a relationship.

OUTREACH CLINICS

Outreach clinics can be very helpful. Not only do they
build your practice by getting you known by the doc-
tors in the community, they can provide a service to
local areas that are often underserved and create rela-
tionships with people in the communities that are
long lasting. They can be used to enhance local edu-
cation to the primary care doctors, their staff, and
the community through lectures. They often provide
a quiet, less-stressed environment that is devoid of

Chart 2 Type of Examination

Expanded An examination of the affected body area

to organ system and other

symptomatic or related organs

Detailed An extended examination of the affected

body area and other symptomatic

or related organ systems

Comprehensive A complete single system specialty

examination or a complete

multi-system examination

Chart 3 Type of History

Expanded Chief complaint: brief history of present illness;

problem persistent system review

Detailed Chief complaint: extended history of present illness;

extended system review; present, past, family,

and/or social history

Comprehensive Chief complaint: extended history of present illness;

complete system review, complete past, family

and/or social history
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interruptions a physician in a primary office may
experience. They can provide the opportunity for a
physician to practice with low overhead: ie, the cost
of being at an outreach clinic is often very low to non-
existent, depending on the space that is utilized, and
often local hospitals or clinics see the clinic as a bene-
fit. However, Stark Laws have to be considered. These
are laws designed to prevent a clinic or hospital from
enticing physicians to provide services through their
institution by providing the physician unduly cheap
rent or services. Outreach clinics are ideal for a physi-
cian who is at a primary office only two to three days
a week, because sharing their primary office with
another physician would greatly reduce overhead
costs. Of course, there is a downside of working at
an outreach clinic. You must consider the need for tra-
vel, difficulties with follow-up, and difficulties with
obtaining lab results. However, electronic record
keeping makes this less of a problem. Maintaining
the involvement of the patient’s primary care doctor
helps to cut down on your need for evening and

weekend phone calls, as well as your involvement
in medication refills.

PARTICIPATING IN RESEARCH

National studies such as the Diabetes Control and
Complications Trial (DCCT) or the Diabetes Preven-
tion Trial are among those in which a private
pediatric endocrinologist can become involved, geo-
graphic distance notwithstanding. This not only
keeps the physician at the cutting edge of research,
but also allows great collaboration with our academic
partners. The academic pediatric endocrinologists in
general are always looking for patients for different
kinds of research proposals, and having an open col-
legial relationship with academic physicians
increases the likelihood of exposure to interesting
and unusual patients. Attendance at national
meetings such as the Lawson and Wilkins Pediatric
Endocrine Society, the American Diabetes

Chart 4 Outpatient Evaluation and Management Codes

Key Components Contributory Factor

Complexity of Medical

Decision Making

Type of

Examination

Performed Type of History Taken

Nature of

Presenting

Problem

Face to Face

Minutes

New Patient Visit (All 3 Factors Must Apply)

99203 Low Detailed Detailed Moderate 30

99204 Moderate Comprehensive Comprehensive Moderate to high 45

99205 High Comprehensive Comprehensive Moderate to high 60

Established Patient Visit (2 of 3 Factors Must Apply)

99213 Low Expanded Expanded Low to Moderate 15

99214 Moderate Detailed Detailed Moderate to High 20–25

99215 High Comprehensive Comprehensive Moderate to High 30–40

Outpatient Consultation (All 3 Factors Must Apply)

99243 Low Detailed Detailed Moderate 40

99244 Moderate Comprehensive Comprehensive Moderate to High 60

99245 High Comprehensive Comprehensive Moderate to High 80

Table 4 New Onset Outpatient Diabetes Education Checklist Initial Outpatient Management of New Onset Type 1 Diabetes: Institution of Insulin Therapy

Date Initials Topic

_____ _____ 1. Understanding of why they are in clinic

_____ _____ 2. Review signs and symptoms which have been occurring

_____ _____ 3. Review differential diagnosis of hyperglycemia

_____ ______ 4. Integrate these to establish why this is purely Type 1 D.M.

_____ ______ 5. Review glucose metabolism (pancreas, islets, insulin, cells, ketones, polyuria, polydypsia)

_____ ______ 6. Describe difference between Type 1 versus Type 2 diabetes (age onset, etiology, treatment)

_____ ______ 7. Further discuss etiology of Type 1 (genetics, siblings, predisposition, viral, exposures,

prevention trials, prior diet-sugar did not cause)

_____ ______ 8. Discuss past and present treatment plans

_____ ______ 9. Discuss how new treatment plans and improved control

_____ ______ 10. Discuss outcomes of DCCT

_____ ______ 11. Discuss complications and how they relate to present treatment

_____ ______ 12. Discuss new onset management (hospital versus outpatient)

_____ ______ 13. Physical examination, complex history

_____ ______ 14. Review management of diabetes at present time and near future

_____ ______ 15. Discuss diabetes education plan

_____ ______ 16. Discuss psychological adjustments within family
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Association, and/or the Endocrine Society, not only
increases your knowledge of the specialty, but also
allows you to network with pediatric endocrinologists
around the country. The pharmaceutical-sponsored
growth hormone registries offer meetings that pro-
vide education for the physician, nurses, and
diabetes educators, as well as the ability to collaborate
with nationally recognized basic science pediatric
endocrinologists. These registries can provide income
that can offset the cost of staff time to fill out growth
hormone insurance forms, which take a great deal of
time and expense. We are involved in four pharma-
ceutical company registries. We also collaborated on
several diabetes studies (Search, Trigger, Trial Net,
and, in the past, the DCCT and Diabetes Prevention
Trial). I have been very involved with bone marrow
transplant patients and am currently involved with
several projects with the Fred Hutchison Cancer
Research Center. Furthermore, we have requested
and received several research grants. I believe that
our low overhead helps counterbalance the financial
disadvantage of not being in a university setting, as
long as the project is within our capabilities.

FINAL CONSIDERATIONS

Private practice pediatric endocrinology has been a
wonderful and rewarding experience. I have met
many wonderful people, learned a lot, and have had
very meaningful relationships with my patients,
although at times I have felt isolated and desired to
be able to discuss a case with university colleagues.
As the practice has grown, the isolation decreased,
but the trade-off is in the increased complexity of a
larger group. Ultimately, diligence, hard work, and
being responsive to the needs of those in your practice
are a recipe for success.

REFERENCES

1. Annual Report of the American Board of Pediatrics to the
Pediatric Endocrine Program Directors. American Board of
Pediatrics; September 21, 2005: Lyon, France.

2. Rosenbloom AL et al. Characteristics of pediatric endocrin-
ology practice: a work force study. Endocrinologist 1998;
8:213–218.

Chapter 18: Private Practice of Pediatric Endocrinology 415





19

Clinical Research in Children
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INTRODUCTION

Clinical research is the crucial process that provides
justification for the translation of practical experience
and related scientific knowledge into clinical practice
standards. In recent decades, increased understanding
of physiology and disease processes, improved technol-
ogies for diagnostic tools, and a wider range of
potential treatment modalities has led to an increased
need for credible clinical research. However, a lack of
commensurate increases in clinical research funding
and training coupled with increased regulation of clinical
research activities, largely warranted in the interest of
protecting human rights, has worked against fulfillment
of this need. Nonetheless, there has been a near-exponen-
tial growth in citations related to clinical trials and
randomized clinical trials over the past four decades, as
shown in Figure 1.

Despite a long and colorful history of experimen-
tation in children (1), modern clinical research specific to
the pediatric age group is relatively lacking in quantity
and quality (2,3). This may not seem particularly surpris-
ing because the detailed study of childhood physiology
and the organized recognition of pediatrics as a practice
specialty have occurred only within the past approxi-
mately 125 years, beginning in the United States with
the creation of the American Medical Association
(AMA) Section on Diseases of Children in 1880 and the
American Pediatric Society in 1888 (4,5). Prior to and for
many years following these events, the medical care of
children was often considered an extension of the medical
care of adults and many academic clinical services con-
tinue to include pediatrics as a subdivision of general
medicine. In the United States, it was not until 1912 that
a federal agency, the Children’s Bureau, was established
to represent and lobby for the interests of child health. In
1930, the American Academy of Pediatrics (AAP) was
founded by several members of the AMA Section on Dis-
eases of Children, partly in protest against the AMA
opposition to the 1921 Congressional Maternity and
Infants Act, ‘‘aka’’ the Sheppard-Towner Act, which had
been supported by the Children’s Bureau to reduce infant
mortality rates by providing states with federal matching
grants to improve health education and diagnosis.

Since the mid-1960s, the number of clinical
research publications related to pediatrics has increased
dramatically, with a particular upswing in the past 15
years (Fig. 1), perhaps due to focused attention by
government regulatory agencies. However, as shown
in Figure 2, the proportion of publications related to
pediatric clinical trials or randomized clinical trials has
decreased over the past four decades. Possible contri-
butory factors include the relative emphasis on
development of pharmaceutical agents for adults and,
perhaps, the wider range of treatable disorders affecting
the adult population. However, it is also evident that a
large proportion of medications prescribed to children
have not been specifically tested in this population and
may lack appropriate safety and efficacy testing (6,7).

Coordinated, comprehensive, multicenter clinical
research has been a standard in pediatric and adult
oncology for five decades, and has led to major advances
in cancer diagnosis and treatment (8). For example, the
treatment of childhood leukemia has been revolutio-
nized by this approach (9). A recent review of the
National Institutes of Health (NIH) clinical trials data-
base (www.clinicaltrials.gov) reveals that 25% of 12,000
current trials involve cancer research. In the United
States and elsewhere, most children with cancer enroll
in a clinical research study as part of their treatment
protocol (10). Data is compiled into common databases
(e.g., www.seer.cancer.gov), and analyzed for treatment
safety, efficacy, and other clinical end points. A major
exception is thyroid cancer, which is traditionally treated
by pediatric and adult endocrinologists rather than
oncologists and for which comprehensive multicenter
natural history and treatment efficacy data are notably
lacking. The usual barriers for recruitment of patients
for clinical research, including allowance for third-party
reimbursement of nonstandard, ‘‘unapproved’’ thera-
pies, have evidently been overcome for pediatric and
adult oncology, but not to the same degree for pediatric
endocrinology.

Nonetheless, the subspecialty of pediatric endo-
crinology has played a leading and ongoing role in
the development of pediatric clinical research. Early
examples include clinical studies by Wilkins and co-
workers beginning in the 1930s, which began to define



the etiology and treatment of congenital adrenal
hyperplasia (11). Food and Drug Administration
(FDA) labeling of recombinant-DNA–derived insulin
and growth hormone (GH), in 1982 and 1985, respec-
tively, were the first successful pharmaceutical
applications of this technology (12). Pediatric endocrin-
ology has also played an integral role in the
establishment of postmarketing surveillance studies,
as discussed in a later section. However, even for
GH, a drug which was initially intended to specifically
target a childhood disorder, the proportion of citations
favors adult clinical research (Fig. 3).

The material presented in this chapter focuses pri-
marily on pediatric clinical research in the United States,
with an emphasis on pediatric endocrine research.
Regulatory guidelines are similar, but not identical, in
other industrialized countries. The field of pediatric
clinical research is still in a formative period and infor-
mation is somewhat inconstant. Therefore, only basic
points and guidelines will be reviewed.

DEFINITIONS

Clinical research could refer to a wide range of scien-
tific endeavor involving human or nonhuman

materials that indirectly or directly affect clinical
care. However, broad definitions have limited utility
in the formulation of public policy and funding
priorities.

In 1997, the U.S. NIH Director’s Panel on Clinical
Research proposed a three-part consensus definition

Figure 1 Numbers of ‘‘clinical trial’’ citations in Pubmed. Search limits:

child, 0 to 18 years; adult, 19þ years.

Figure 2 Ratio (�100) of pediatric to total clinical research and RCT

citations in Pubmed. Search limits: pediatric, 0 to 18 years; adult 19þ
years. Abbreviation: RCT, randomized controlled trial.

Figure 3 Numbers of randomized, controlled trials relating to thyroid-

growth hormone and diabetes as cited in Pubmed. Search limits: child,

0–18 years; adult, 19þ years.
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of clinical research ‘‘ . . . particularly for tracking and
monitoring funding activities,’’ as follows (13):

1. Patient-oriented research. Research conducted with
human subjects (or on material of human origin such
as tissues, specimens, and cognitive phenomena) for
which an investigator (or colleague) directly interacts
with human subjects. This area of research includes
the following:

& Mechanisms of human disease
& Therapeutic interventions
& Clinical trials
& Development of new technologies

2. Epidemiologic and behavioral studies
3. Outcomes research and health services research

Specifically excluded are studies using human
tissues but for which the identity of the source is
unknown and unnecessary.

In 2005, the Medical Research Council of the
United Kingdom issued a similar definition (14):
‘‘ . . . research defined as clinical should encompass at
least one of the following categories:

1. Human participation: . . . face-to-face contact with
patients and/or healthy human participants . . .

2. Records based studies: . . . require access to personal
data on health or lifestyle without involving face-to-face
contact, e.g., epidemiological studies, health economic
studies, public health interventions, health services
research and meta-analyses . . .

3. Clinical samples: . . . involve laboratory studies on
human material, which are specifically designed to
understand or treat a diseases/disorder.

4. Technology development for clinical use . . . ’’

A clinical trial is defined by the U.S. NIH (http://
grants2.nih.gov/grants) as ‘‘prospective biomedical
or behavioral research study of human subjects that is
designed to answer questions about biomedical or
behavioral interventions . . . used to determine whether
new . . . interventions are safe, efficacious and effec-
tive.’’ In 2004, the International Committee of Medical
Journal Editors (ICMJE) offered this definition of a
clinical trial: ‘‘Any research project that prospectively
assigns human subjects to intervention and comparison
groups to study the cause-and-effect relationship
between a medical intervention and health outcome’’
(15). For the purposes of trial registration (vide infra),
this definition was further updated to require a control
or comparison group(s) (16). In accordance with these
guidelines, clinical ‘‘trial’’ in this chapter will refer
specifically to clinical research that is concerned with
testing therapeutic interventions.

PEDIATRIC CONSIDERATIONS

Pediatric clinical research usually refers to research
involving human subjects within the pediatric age range,
i.e., in utero to 21 years of age, as is specified in the NIH

Policy on Inclusion of Children (17) and a previous
statement from the AAP (18). U.S. federal guidance
further subdivides the pediatric population into age-
related subgroups: (i) newborn or neonate: birth to one
month, (ii) infant: greater than one month to two years,
(iii) child: more than 2 to 12 years, (iv) more than 12 to
21 years (19). Clinical investigations in pediatric centers
often involve subjects above the age of 21 and fetal/
maternal studies, e.g., in relation to prenatal maternal
care, genetics, and congenital disorders; arguably, some
or these studies should also be classified as ‘‘pediatric.’’

On the other hand, the definition of pediatric
research is sometimes limited to subjects younger than
the legal age of consent. In a 1995 statement regarding
conduct of drug research in children, the AAP defined
children as ‘‘persons who have not attained the legal
age for independent consent to treatments or proce-
dures involved in research, under the applicable law
of the jurisdictions in which the research is conducted’’
(20). This AAP definition is utilized in the U.S. Depart-
ment of Health and Human Services (DHHS)
Regulation 45 CFR Part 46, Subpart D, pertaining to
protection of children involved as research subjects.
The popular medical information search engine,
PubMed (www.pubmed.gov) sets the ‘‘all child’’
search limit at 0 to 18 years old, and adult as 19þ.

Justification for separate attention to the pedi-
atric population may seem intuitive and scientifically
obvious to pediatric specialists; but is not as well
understood by others. The two major life tasks that
distinguish the pediatric population from adults are
physical growth and intellectual development. These
tasks encompass a wide range of physiologic, mental,
and behavioral processes that are not observed in
adults. Because of these processes, there are special
considerations in pediatrics related to definition of
normal physiology, diagnostic criteria, drug pharma-
cokinetics, treatment effects, and adverse reactions.
In relation to adverse effects, effects on body growth
and intellectual development are particularly unique
to the pediatric population.

Pediatric-specific clinical research can be subca-
tegorized as follows:

1. Normal physiology: e.g., studies of infant development,
normal growth patterns, normal hormone levels, phy-
siologic reference ranges.

2. Diagnostic: delineation of abnormal and potentially
treatable disturbances of growth and development, e.g.
derivation of diagnostic criteria and validation of diag-
nostic testing.

3. Therapeutic (clinical trial): treatment efficacy and
adverse effects.

4. Monitoring: ongoing clinical monitoring of individual
patients or populations with a particular diagnosis
and/or undergoing a specific treatment.

5. Outcomes: evaluation of therapeutic outcomes and cost-
benefit.

Although the bulk of recent interest in pediatric
clinical research is related to therapy and outcomes,
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there are substantial deficits in our understanding of
basic physiology and definition of normal/abnormal
boundaries. As an example, although there are mul-
tiple pediatric treatment indications for GH therapy
and extensive therapeutic monitoring databases, there
are continuing controversies over the appropriate
assessment of the GH axis and the criteria used to
define an abnormality of GH secretion (21).

Pediatric clinical research is most often conduc-
ted in those venues where groups of children and
adolescents are usually located. Pediatric endocrin-
ology clinical services historically evolved as
academic practices; in the United States and many
other countries, the majority of pediatric endocrin-
ology patients are cared for in institutionally based
or affiliated clinics rather than in solo private practice
settings. Therefore, it is not surprising that the
majority of clinical research in pediatric endocrin-
ology originates from academic centers. In the
United States, the quality of academic pediatric clini-
cal research has been enhanced by the creation of
government-supported, academic inpatient and out-
patient clinical research facilities such as the U.S.
Department of Agriculture (USDA)/Agricultural
Research Service Children’s Nutrition Research Center
(www.kidsnutrition.org) and the NIH Clinical Research
Centers (www.ncrr.hihi.gov/clinical/cr-gcrc.asp).

Clinical research in private practice and in non-
medical settings, such as summer camp programs
and schools, has become increasingly difficult due in
part to regulatory requirements and costs. In addition,
many childhood conditions are somewhat uncommon
and the pediatric population tends to be mobile with
respect to both geographic location and health-care
provision, which creates difficulties with recruitment
and longitudinal follow-up, respectively.

In 1986, the AAP established the Pediatric Research
in Office Settings (PROS) (www.aap.org/pros), which
currently includes approximately 2000 practitioners
at more than 700 private practice sites (22). Although
primarily concerned with topics related to general pedi-
atrics, PROS conducted a landmark investigation on
female pubertal development (23,24); a similar study
regarding male puberty is currently in progress.

The U.S. National Children’s Study, authorized by
the Children’s Health Act 2000 of the U.S. Congress, is
expected to enroll 100,000 children beginning in 2007.
Study subjects will be monitored from birth until 21
years, using a variety of physical and biochemical
parameters, to analyze environmental influences on
childhood health and development. This is a multi–
hypothesis-driven effort, for which specific hypotheses
have not been finalized at the time of this writing.

In 2005, the Lawson Wilkins Pediatric Endocrine
Society (www.lwpes.org) established the pediatric
endocrinology research network to facilitate recruit-
ment of subjects. As of this writing, only one
protocol is listed on this site. However, it is hoped that
these and other efforts will facilitate future clinical
research in pediatrics and pediatric endocrinology.

PROTOCOL DESIGN

In the early days of pediatrics, simple observational
reports, frequently limited to only a few patients from
a single clinic, were often adequate to provide new
information and wider application of new therapies.
For instance, early experimentation with insulin
therapy in individual patients beginning in the 1920s
led to the global therapeutic use of this hormone for
children and young adults with Type I diabetes melli-
tus (25). Patients involved in this early research were
clinically observed during treatment but not enrolled
in a clinical trial as we might envision one today.

Over the past few decades, the body of medical
knowledge, including new laboratory techniques,
statistical methodologies, and therapeutic options has
increased dramatically. Clinical research leading to
new methods of diagnosis and/or therapy is now
judged primarily on the basis of protocol design and
statistical credibility. Therefore, it is incumbent upon
each researcher and clinician conducting or making
use of clinical research to be appropriately knowledge-
able in these areas.

A full discussion of clinical research protocol
design and statistical analysis is beyond the scope of
this chapter, and only basic considerations will be
mentioned. The reader is referred to a number of
excellent publications for additional information
(19,26–29). In addition, academic institutions, research
organizations, and government agencies frequently
hold seminars and courses on clinical research. Pre-
sented here is a selected list of components in
clinical research protocol design.

Hypothesis

The study hypothesis should be formulated prior to
designing a protocol and clearly stated in one or two
sentences in a manner that is amenable to being tested
using the proposed procedures. As a general rule, if the
hypothesis cannot be concisely stated, then it probably
cannot be concisely proven. Common misconceptions
are that the answer to the hypothesis should be known
prior to study or that it must always be proven correct.
The hypothesis basically states a testable unknown; the
possibility of proving the hypothesis incorrect should
exist within the study design.

The terms ‘‘purpose’’ or ‘‘objectives’’ are sometimes
used interchangeably with ‘‘hypothesis’’; however, they
are not necessarily equivalent. For instance, the stated
purpose of a study might be ‘‘to determine whether
GH therapy is beneficial in children with Noonan
Syndrome.’’ The testable hypothesis might then be stated
as ‘‘one year of GH therapy given in standard doses will
increase height velocity by þ1 SD in prepubertal
children with Noonan Syndrome.’’

Background and Significance

What work has been previously done to address
the question(s) posed in the hypothesis? What new
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information will be obtained from the current proto-
col? Is the current work justified based on previous
knowledge, or the lack of it? This portion of the pro-
tocol design provides the basis for investing in the
effort. It should be carefully researched, focused,
and logically presented, with attention to all sides of
the topic to be investigated.

End Points

The end points for the study are the measured param-
eters that will be the focus of the data analysis. As
such, the end points should be closely tied to the
hypothesis. For instance, in a study with a hypothesis
that GH therapy will increase height by þ 1SD in
Noonan syndrome, the primary end point measure
would be height. All other aspects of the study design
should focus on optimizing assessment of the primary
end point measure(s). Secondary end points (e.g.,
weight, educational outcomes, and psychosocial
adjustment in the example given) can also be defined,
but do not provide the primary focus for the study
design and data analyses.

General Design Elements
Retrospective or Prospective Design
A retrospective study examines previously collected
data, usually recorded for reasons unrelated to the
current hypothesis and without forethought regard-
ing systematic analysis. In a prospective study, the
purpose for the data collection and the methodology
is defined prior to commencing the study, with spe-
cific attention given to eventual systematic analysis
against the hypothesis and end points. In general, pro-
spective study design is preferable whenever feasible,
because the elements of the data collection relevant to
later analysis can be predetermined and applied.

Systematic collection of data alone does not define
data as being prospective. For instance, a pediatric
endocrinologist has over many years examined all
GH treated patients every three months. After 10 years,
the data for patients with Noonan syndrome are
analyzed. Although the data collection was systematic
and reliable, the purpose of the collection, enrollment
criteria, and plans for analysis were not defined
‘‘a priori.’’ Therefore, the data would be considered
retrospective.

Randomized, Controlled Design

Randomized, controlled study design is considered to
be the ‘‘sine qua non’’ of clinical research, and is parti-
cularly valued in relation to clinical trials, i.e., clinical
research relating to therapeutic efficacy. However, this
study design can be problematic for pediatric clinical
research.

For many pediatric therapeutic trials, the ethics
of including a no-treatment or placebo arm is ques-
tionable because there may be preceding efficacy
data in adult populations and/or off-label pediatric

experience. Typical pediatric endocrine study end
points, such as height and pubertal development, are
unlikely to be subject to a placebo effect in a nutrition-
ally healthy population. In addition, because some
childhood disorders have a time-limited window for
effective treatment, prolonged assignment to no-
treatment could be detrimental. For instance,
randomized, controlled study of GH treatment of
GH deficiency to final height could be problematic
for the untreated group. In some cases, the use of a
placebo group can be avoided by randomization to
different treatment levels, without inclusion of a
no-treatment arm. A placebo-controlled trial of zido-
vudine treatment of HIV-infected pregnant women
and similar studies have raised ethical questions
regarding the relative rights of the individual patient
as opposed to the value to society of a well-designed
study (30,31).

Another important consideration is that many
childhood disorders are relatively uncommon. There-
fore, accumulating sufficient numbers of subjects for a
randomized, controlled or a concurrent nonrando-
mized control group study is often not feasible. In
these situations, comparison to well-characterized his-
torical controls or predefined reference ranges may be
sufficient. For instance, studies of GH effects in
uncommon genetic conditions rely on comparisons
to growth charts derived from the unaffected popu-
lation and/or an affected, untreated population (32).

Regardless of the method chosen, all clinical
studies involving definition of diagnostic criteria or
treatment effect must have an appropriate compari-
son population. More complete discussions of
ethical and statistical considerations related to rando-
mization and selection of appropriate control groups
are available, including a useful 2001 Guidance for
Industry from the U.S. FDA (33). Recommendations
for reporting of randomized control trial data, generated
by the international Consolidated Standards of Report-
ing Trial (CONSORT) group and adopted by several
major journals, are regularly updated online (www.
consort-group.org) and can provide useful guidance for
planning a simple randomized, controlled trial (34–36).

An important consideration for all clinical trials
is whether provisions are needed for interval analysis
and possible trial termination. Particularly in the case
of randomized, controlled trials, if significant treat-
ment effects or adverse events, either for individual
subjects or for the group(s), are identified during
the study course, early termination or redirection
of the trial may be ethically and/or legally necessary.
However, implementation of an interval-analysis pro-
cess can be problematic, especially for blinded trials,
where special procedures may be required to break
the code. In addition, premature termination of a trial
can lead to inappropriate analyses and conclusions.
For instance, early termination for a positive treat-
ment effect could cause the investigators to miss a
serious adverse effect occurring later in the course of
treatment. Decisions about whether to provide for
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and implement interval analysis and early termin-
ation should be carefully considered on the basis of
ethical boundaries to protect both the patient from
harm and the society from erroneous data and conclu-
sions regarding a therapy. Whenever possible, the
conditions and procedures for interval data analysis
and trial termination should be included in the plan-
ning of the study protocol.

Sites and Personnel

Due to the uncommon nature and complexity of many
pediatric conditions, multisite, multinational, and mul-
tidisciplinary collaborations are often the best options
for obtaining adequate numbers of study subjects.
However, in the case of multiple sites, the protocol
design may need to take into account geographic, regu-
latory/legal, ethnic, and cultural differences that could
impact on the study end point(s). For example, a multi-
national study of the incidence of precocious puberty
in girls may need to consider known ethnic and
regional differences in ‘‘normal’’ pubertal onset.

In studies involving multiple researchers at one
or more sites, the role of each individual and eventual
data access, presentation, and authorship rights
should be decided prior to commencing the study.

Sample Size Calculation

An integral part of planning a study protocol is an a
priori assessment of the study sample size requirement
(37). Selection of an inappropriate target sample size can
severely limit the data analysis and decrease the value
of the study in proving or disproving the hypothesis.

For a simple parallel design, randomized con-
trolled trial, this calculation can be easily made using
a number of commercial statistical software programs
or online resources. In a power analysis or power
calculation, the investigator specifies the expected
effect size and required Type I and II errors; the
required sample size is then calculated. In some cases,
the investigator may choose to approach this in the
opposite direction, calculating the statistical power of
an effect at different levels of sample size.

Data Handling and Adverse Events

The methods for data collection and tabulation should
be decided before commencing a clinical research pro-
ject, based on the selected end points and projected
analytical methods. Without this preplanning, a pro-
ject may end up collecting data that is difficult or
impossible to analyze. Preconsultation with an experi-
enced statistician can lead to immense downstream
savings of time and effort (38). In addition to the
collection of data related to the study hypothesis
and end points, rigorous attention should be paid to
monitoring of adverse events.

In the United States, all clinical trials (research
related to assessment of therapeutic efficacy) require
an Institutional Review Board (IRB)-approved data

and safety monitoring plan (or board, in the case of
multisite studies) to insure data integrity and the
safety of study participants. All adverse events should
be recorded and scored according to the likelihood of
being related to the study intervention or procedures.
A similar process should be considered for other types
of clinical research that involves human contact.
Detailed recommendations for reporting of safety data
from randomized clinical trials have been recently
published by the international CONSORT group (39).

Protection of Human Subjects

Early clinical practice and research in the Western
world was guided primarily by the Hippocratic Oath,
on which a physician swears to act in the best interests
of the patient. In 1938, the United States took a first
step toward formalizing this protection by instituting
the FDA, requiring demonstration of drug safety prior
to marketing. An international recommendation for
informed consent and risk-benefit considerations for
clinical research resulted from the Nuremberg Code
of 1947. However, the first U.S. law requiring
informed consent for clinical research was not passed
until 1962, followed by adoption of international clini-
cal research guidelines, the Helsinki Declaration, in
1964. The IRB system was mandated by the U.S. Sur-
geon General in 1966, with further strengthening of
associated regulations over the subsequent years. In
1983, special protections for children involved in clini-
cal research were adopted under Health and Human
Services regulation 45 CFR 46 Part D.

Currently, all clinical research studies in the indus-
trialized world are required to be preapproved by an
appropriate IRB, with reapprovals as mandated by the
IRB. A statement of IRB approval and supervision, with
appropriate consent procedures, is required by all legit-
imate scientific journals.

While human rights protection and informed con-
sent procedures are essential, application to pediatric
clinical research has been the subject of considerable
ethical and legal debate (40–42). It is generally accepted
that prior to the legally defined age of majority, the
parent(s) or legally designated guardian(s) serve a surro-
gate role for the child in approving participation in
clinical research. In the United States, the federally
defined age of majority, 18 years, is generally accepted,
but this can be complicated by regional differences in
the definition of an emancipated minor, e.g., a teenager
who is legally considered an adult by virtue of mother-
hood and/or marriage. Furthermore, the types of
research that can be consented to on behalf of a child
have been called into question. In one case, a Maryland
court ruled that parents may not give consent to nonther-
apeutic research on behalf of their child if there is risk
involved (43). Other studies have shown that parents
have relatively poor understanding of research proce-
dures described during the consent process, relying
heavily on physician input and perceived individual
benefit to their child for their decision (40,44,45).
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The requirement for a surrogate consent process
coupled with the facts that (i) research subjects cannot
be completely protected from risk and (ii) new, ben-
eficial treatments for children cannot be definitely
proven without research in children have led to con-
siderable ethical debate over the process by which
children become involved in clinical research.

Although children are not legally able to give con-
sent, IRBs require adherence to the U.S. federal
guidance that older children be informed and give
assent as part of the consent process (46). However,
the legal validity of assent procedures is relatively
untested and it is apparent that children often have little
understanding of what they are assenting to. Many
pediatric study subjects probably base their decision
largely on the opinions of their parent(s)/guardian(s)
and the clinical researcher and, in some cases, based
on their perceptions of the procedures involved such
as fear of phlebotomy (47) or other study procedures.
In some cases, financial or other incentives may provide
motivation for child (or parent approval for) partici-
pation, raising ethical questions about the consent
process (48).

In addition, there is the question of parental consent
given on behalf of infants, young children, or handi-
capped children who may not be able to adequately
comprehend the procedures involved. This becomes
particularly problematic for dependent handicapped
children over the age of 18. In many cases involving
these ‘‘adult children,’’ guardianship has not been legally
extended and the consent process could be questioned.

These and other concerns have contributed to
ongoing discussion and debate regarding legal and
ethical protection of children’s rights in clinical research
(49). For all clinical trials, the appropriate and accept-
able risk to benefit must be addressed. Interpretation
of federal guidelines has led to a requirement of grading
of risk for potential harm or discomfort, e.g., ‘‘minimal
risk’’ and ‘‘minor increase over minimal risk,’’ with both
IRB and DHHS approval needed for higher-risk
research (20,50). These and similar terms should be
carefully explained to the parent and child, if feasible,
during the consent process using comparisons to daily
life situations or familiar medical procedures.

It is imperative that pediatric clinical researchers
participate in the process and be aware of changes in
regulatory, ethical, and legal guidance (19,20). Starting
in 2000, the NIH has required that all U.S. clinical
investigators complete a course in protection of
human research participants (51). In addition, many
IRBs require investigator certification in patient/sub-
ject confidentiality and privacy protection, and
ethics courses are required by some IRBs and state
medical licensing boards.

SPECIAL CONSIDERATIONS
Reference Ranges and Diagnostic Testing

The pediatric age range is unique in the large age-
and sex-related variability in normal biological and

physiological parameters. Failure to compare indi-
vidual biological measures against normal age- and
sex-related variability can lead to major errors in diag-
nosis and treatment. For instance, normal children can
be expected to have an abnormally low T-score for
bone mineral density (BMD), consistent with the
definition for osteoporosis, before mid-puberty (52).
Similar problems are encountered for hormone levels.
This author has seen many patients referred inappro-
priately based on comparison of pediatric patient
results to adult reference ranges for BMD, testosterone
and gonadotropins, and other measures. Even in the
relatively well-established area of thyroid testing, it is
not clear whether controversies over low TSH levels
apply to pediatric populations. Moreover, the higher
upper-normal variability for pediatric thyroid hor-
mone levels, coupled with inclusion of thyroid
hormone tests on routine panels, has led to many inap-
propriate referrals for hyperthyroidism.

The need for pediatric reference intervals for
biochemical testing has been admirably addressed
by several standard texts; a particularly useful, regu-
larly updated text is published by the American
Association for Clinical Chemistry (AACC) (53).
However, there is general acknowledgment that the
methodologies for derivation of reference ranges
and, specifically, pediatric ranges are not always well
defined, and published ranges for a particular analyte
may not be applicable for different assay methods,
laboratories, or populations.

Key problems in establishing reference ranges are
the selection of an appropriate ‘‘normal’’ reference
population and the numbers of subjects needed to
establish the age- and sex-related ranges. For instance,
in establishing reference ranges for insulin-like growth
factor-I (IGF-I), does one select only those healthy sub-
jects with ‘‘normal’’ heights, as has been done in some
studies (54), or should the reference population be
selected from the general healthy population regard-
less of height? Because IGF-I levels show a general
correlation with height, inclusion of shorter indivi-
duals, even if otherwise healthy, may tend to blur the
distinction between GHD and normal populations.
Some biochemical parameters, such as IGF-I and tes-
tosterone, change dramatically during puberty;
should the reference ranges be corrected for age or
for pubertal stage?

After selecting the reference population, the num-
bers of samples needed and the distribution by age and
sex need to be determined. However, for analytes
where the natural variability is wide, it is often imposs-
ible to know whether an adequate number has been
selected. As quoted in a recent article, one expert has
estimated that a typical pediatric reference range may
require, on average, 1200 to 1400 samples (55), repre-
senting a considerable cost in time and effort.

Analysis of reference range data can also be
complex (56). A common manipulation in pediatrics
is to use standard deviations or conversion of values
to standard deviation, or z-scores. These conversions
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require that the data be normally distributed about
the mean at any given age. This criterion is often
not met by endocrine measures, necessitating the
use of log-normalization or other adjustments.

Closely linked to the reference range discussion
is the topic of diagnostic accuracy of a test; i.e., ‘‘the
ability of a test to identify a condition of interest.’’
An initial international effort to address deficiencies
in reporting of tests of diagnostic accuracy is the Stan-
dards for Reporting of Diagnostic Accuracy (STARD)
Statement (57,58). As stated by the STARD group:
‘‘Exaggerated results from poorly designed studies
can trigger premature adoption of diagnostic tests
and can mislead physicians to incorrect decisions
about the care for individual patients’’ (57).

A full discussion of the controversies surrounding
reference ranges and diagnostic testing for biochemical
and physical parameters is beyond the scope of this
chapter, and is more fully discussed in other publica-
tions (53,59). It is incumbent upon pediatric clinical
researchers to be cognizant of developments in these
fields and to properly apply accepted analytical meth-
ods whenever feasible. Furthermore, it is important
for researchers to educate laboratory directors and prac-
ticing physicians regarding the limitations of pediatric
reference ranges for biochemical and physical param-
eters, and the need to include basic knowledge and
clinical judgment before applying test results to indi-
vidual patients.

Clinical Trials

As mentioned above, clinical trials are defined by the
U.S. FDA as a category of clinical research concerned
with determining the efficacy, safety, and effectiveness
of therapeutic interventions. A clinical trial is the typi-
cal mechanism required for regulatory approval of
new pharmaceuticals and medical treatment devices.
The need for premarket safety, efficacy testing, and
federal regulation of clinical trials in the United States
was recognized following the disastrous marketing of
liquid elixir sulfanilamide in 1937, in which more than
100 patients died from ingestion of the diethylene gly-
col diluent (60). In 1938, the U.S. Food, Drug and
Cosmetic Act essentially established the role of the
FDA as a regulatory body.

Until the mid-1970s, clinical trials specific to
pediatrics were scarce (2). In 1968, this situation
prompted Shirkey to describe children as ‘‘therapeutic
or pharmaceutical orphans’’ (61). In 1977, the AAP
formed a Committee on Drugs, which subsequently
addressed the lack of pediatric drug labeling (20). In
1985, human GH became the first recombinant-
DNA–derived medication marketed solely for pedi-
atric use. However, it was not until the FDA
Modernization Act (FDAMA) in 1997 that a require-
ment for pediatric labeling was considered at the
federal level in the U.S. after the failure of several
voluntary programs. FDAMA provided an incentive
to manufacturers of six months market exclusivity in

return for studies resulting in pediatric labeling. In
1998, this was extended to require pediatric studies
for certain drugs. The FDAMA exclusivity provision
expired in January 2002 and was essentially replaced
by the Best Pharmaceuticals for Children Act, which
further required that the NIH and FDA collaborate in
efforts to perform necessary pediatric studies not
initiated by industry. In 2003, the Pediatric Research
Equity Act (PREA) formalized a requirement for pedi-
atric studies of certain drugs retroactive to 1999,
including new drugs and previously approved drugs
with new dose form(s), regimen(s), administration,
and ingredient(s) (62). In addition, PREA included a
mandate for pediatric expertise on advisory panels
when appropriate (63). As a result of these government
initiatives, the numbers of drugs obtaining pediatric
labeling have increased dramatically.

A similar process mandating pediatric clinical
drug trials was initiated by the European Commission
in 1997, but implementation has been somewhat
more gradual than in the United States. In 2005,
the European Parliament voted to adopt a panel
recommendation to extend manufacturers patent pro-
tection for six months in return for investment in
pediatric clinical drug trials (64,65).

A full FDA clinical trial is usually preceded by
laboratory research and preclinical animal testing. The
subsequent trial is divided into phases as follows
(www.fda.gov/edu/):

1. Phase 1: Initial testing, usually conducted in a small
group of healthy people (e.g., 20–80), although patients
may also be involved. The purpose of this phase is to
evaluate safety, including safe dosage and side effects.
Drug pharmacokinetics and metabolism are also studied.

2. Phase 2: Controlled study in a group of patients with
the relevant target condition. This phase typically
involves several hundred subjects and is intended to
further define efficacy, as well as common short-term
risks and adverse effects.

3. Phase 3: Controlled studies in a larger group (100s–1000s)
to evaluate efficacy in comparison to other interventions,
to monitor for adverse effects, and to collect additional
safety data.

All phases are closely monitored, with regular
interactions between the sponsor, usually but not always
a manufacturer, and the Center for Drug Evaluation and
Research (CDER), a branch of the FDA, which regulates
clinical trials. At any stage, the CDER can place a hold
on a trial based on safety or efficacy concerns.

Phase 1 studies are preceded by sponsor sub-
mission and FDA consideration and approval of an
investigational new drug (IND) application. At the
end of Phase 3, a new drug or device application
(NDA) is submitted by the sponsor to the FDA. An
Advisory Committee is convened by the FDA to
review the application and recommend approval or
denial of the application to market the product. Final
decision, however, rests with the FDA. For pediatric
research, clinical trial, product labeling, and other
issues, the FDA is mandated to seek the advice of
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pediatric consultants. To satisfy this latter goal, a 13-
member pediatric advisory committee has been char-
tered by the FDA (66). In some cases, the approval
process may be followed by a required or voluntary
postmarketing surveillance study, sometimes called
a Phase 4 study, as described below.

In addition to this standard drug development
process, the FDA currently provides three alternative
tracks, which allow the use of a new drug.

1. The Treatment IND program, established in 1987, makes
investigational drugs available to a seriously ill patient
if there is no comparable alternative therapy and the
patient does not qualify for an ongoing clinical trial. Inves-
tigational drugs must usually be in Phase 3 trials before
being considered for use in a Treatment IND. Treatment
IND applications are usually submitted by the pharma-
ceutical manufacturer upon consideration and approval
of a request from the patient’s physician. If approved by
the FDA, the drug is then distributed to the physician
for subsequent administration to the patient. Treatment
INDs are carefully monitored and the data is added to
the collective experience with the drug.

2. The parallel track program, established in 1990, allows
access of investigational drugs to individuals with HIV-
related disorders who do not qualify for participation
in the clinical trial process. Requests to participate in a
parallel track treatment program can be initiated by the
patient. Parallel track drug use is monitored and added
to the collective experience with the drug.

3. Accelerated approval (accelerated development and
review): In 1992, the FDA established a process for rapid
approval of new drugs to treat serious, life-threatening
conditions. This process essentially eliminates the need
to follow the three-phase process. The sponsor must
show that the drug provides benefit over currently avail-
able therapy and that a surrogate end point (e.g., a
laboratory or radiological marker) reasonably predicts
clinical benefit. In addition, accelerated approval requires
a subsequent postmarketing study commitment.

Of special interest to pediatric clinical researchers
is the Orphan Drug Act of 1983, which supports the
development and approval of medications to treat rare
diseases (www.fda.gov/orphan/). Included is the
Humanitarian Use Device Program, established in
1996, to encourage development of treatment devices
and diagnostic products for use in rare disorders. Prior
to the Orphan Drug Act, rare disorders were often
ignored by drug development companies, which is
not surprising given the limited market potential.
Incentives to manufacturers include tax benefits, mar-
keting exclusivity, eligibility for grants (through the
Orphan Products Grant program), and flexibility
regarding the approval process. Although drugs in
the Orphan Drug Development program are still
required to go through the FDA approval process,
many qualify for accelerated approval, while others
may have a limited data collection requirement due to
the rarity of the condition. As of this writing, approxi-
mately 200 drugs and products have been marketed
through the Orphan Products Development Program.

Postmarketing Safety and Efficacy Studies

Treatment-monitoring studies are an integral element
of modern medical research. However, it is only
within the past two decades that such studies have
become accepted as part of the new drug approval
process, and pediatric endocrinology has played a
key role in this process.

In the U.S., human cadaver-donor–derived
human GH was distributed ‘‘gratis’’ to patients (via
their physician) beginning in the 1960s, by a govern-
ment agency, the National Hormone and Pituitary
Program (67). Similar programs were subsequently
established in other countries. Commercial marketing
of a similar preparation began in the 1970s. Supplies
were limited and sporadic, and comprehensive moni-
toring of safety and efficacy was not routine. In 1985,
following a report of Creutzfeldt disease in a patient
previously treated with cadaver-derived pituitary GH
(68), biosynthetic GH was quickly moved through the
FDA approval process, prior to completion of the usual
safety and efficacy trials. A unique system for compre-
hensive postmarketing surveillance was established by
agreement between the GH manufacturers and the
FDA, due in large part to continuing concerns that
GH itself rather than the then-mysterious ‘‘slow virus’’
may have contributed to the cases of Creutzfeldt dis-
ease. Several dozen additional cases of this condition
in patients treated with pituitary GH have been ident-
ified (69), many with symptomatic onset prior to the
1985 case, further emphasizing the unfortunate lack
of systematic monitoring for adverse events. In 1987,
Genentech Inc. established the National Cooperative
Growth Study in the United States and Kabi Phar-
maceuticals (now Pfizer) established the Kabi
International Growth Database. Although the original
regulatory mandates for GH surveillance studies have
long since expired, manufacturers have continued
these efforts, collecting valuable information regarding
the safety and efficacy of GH therapy (70).

A formal process for postmarketing surveillance
studies, or Phase 4 commitments, was established by
the FDA in 2000 (71,72). Phase 4 commitments are
mandated for any drug approved through the acceler-
ated approval program and may be required under the
PREA. As of October 31, 2005, 155 Phase 4 commit-
ments are listed as being required under the PREA.

In the United States, drug safety and medication
errors have been monitored by The Office of Drug
Safety within the CDER branch of the FDA. In 2005, a
separate Drug Safety Oversight Board was established
(73), and a new program was established by the FDA to
facilitate reporting of drug safety information to consu-
mers. In addition, as part of the adverse event reporting
system established in 1969, the FDA maintains a medi-
cal product safety information program (MedWatch;
www.fda.gov/medwatch/) with avenues for voluntary
and mandatory reporting of adverse events for consu-
mers, physicians, and industry. However, especially
for medical products which do not have a mandated
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postmarketing reporting requirement, underreporting
and other issues remain problematic (74).

Outcomes Research

Health outcome, an essential element in evidence-
based medical practice, is a relatively new area of
pediatric clinical research. Such research includes
assessment of clinical benefits of therapeutic interven-
tions (e.g., the Diabetes Control and Complications
Trial), cost benefit studies (e.g., for newborn screening
and managed care programs), and systematic reviews
of health-care done, such as those performed by the
Cochrane Collaboration (75). In the future, it is likely
that for better or worse, health outcomes research will
become a primary guide for reimbursement for clini-
cal care services.

Medical Device Trials

Many nonindustry clinical researchers may not be
aware that clinical trials are required for a host of non-
pharmaceutical medical devices. In the United States,
medical device regulation is handled by the FDA Center
for Devices and Radiological Health (CDRH). In vitro
diagnostic devices, such as laboratory reagents and
assays, are the responsibility of The Office of In Vitro
Diagnostic Device Evaluation and Safety within the
CDRH. Avariety of programs are applicable to medical
devices. Although some devices are waived and can be
marketed without a formal approval process, others
need to show substantial equivalence to a predicate
device (510 K application) or may require a more exten-
sive process, a premarket approval application (PMA),
which is similar to the new drug application (NDA) for
pharmaceutical products. Diagnostic or treatment
devices intended for rare conditions may qualify under
the humanitarian use device exemption, while an inves-
tigational device exemption may be applicable if a
device is used clinically during collection of data to sup-
port a PMA. Similar to the Phase 4 commitments for
drugs, device manufacturers may be required to con-
duct ongoing postmarketing surveillance studies.
Devices that have no known or accepted use in human
clinical diagnosis or treatment may be marketed under
a research use only designation.

The process of performing laboratory testing is
regulated by the Clinical Laboratory Improvements
Amendments (CLIAs), first implemented in 1988. Tests,
which are simple, accurate, and not substantially subject
to user error may be CLIA-waived, as are many tests
performed in physician offices and in home testing.

Medical device regulations are designed to pro-
tect the public against faulty or ineffective diagnostic
procedures and device-dependent therapies and, as
such usually require submission of data in humans.
Clinical research needed to satisfy CDRH, CLIA, and
other regulatory guidelines is usually handled by the
device manufacturer. However, nonindustry clinical
researchers may participate directly or indirectly in
this process. At the stage of regulatory review, CDRH

is required to include pediatric advisors when appro-
priate (76). Further information on device regulation
in the United States may be found on the CDRH web-
site (www.fda.gov/edits/). Similar guidelines are in
place for the European Union (www.europa.eu.int)
and most industrialized countries.

Registration

In 2004, the ICMJE issued an update to the Uniform
Requirements for Manuscripts Submitted to Medical
Journals standardizing reporting of clinical trial data
and requiring that all clinical trials considered for
publication be fully registered on a searchable public
database (18). Such registration had been federally
mandated by section 113 of the FDAMA of 1997, lead-
ing to establishment of the FDA-sponsored Protocol
Registration System (PRS). The process and require-
ments for trial registration are detailed and regularly
updated on the PRS (10) and ICMJE (www.icmje.org)
websites. In addition, the World Health Organization
in May 2005 initiated a process to establish inter-
national standards for clinical trials registration and
reporting (www.who.int).

Registration is required for trials that are ‘‘clini-
cally-directive,’’ i.e., intended to test a hypothesis
regarding the relationship between an intervention
and health outcome. The study design must include
a concurrent, prospective control or comparison
group. For new drug trials, this would be equivalent
to an FDA Phase 3 trial. Investigators conducting or
planning to conduct clinical trials should consult
recent updated information on trial registration as
part of the protocol planning process.

Funding and Conflicts of Interest

In the United States, funding for clinical research
originates from multiple sources, with the largest
contribution coming from government agencies (NIH,
USDA, and NSF). However, the majority of funding
for clinical drug trials comes from pharmaceutical com-
panies, as might be expected. Clinical research is also
supported by private foundations, including innovative
programs such as The Glaser Pediatric Research Net-
work (www.gprn.org). Links between public and
private interests are evidenced by the proliferation of
science and biotechnology parks and incubators, encour-
aging marketable and clinically beneficial research.

As most physicians are aware, the close links
between the interests of patients, the public, researchers/
physicians, and commercial entities can create potential
and actual conflicts of interest. In the best of worlds, all
clinical research would be conducted only in the inter-
ests of the patient and public. However, in the real
world, financial support and future financial gain are
major factors contributing to the purpose and goals of
conducting clinical research and, in particular, clinical
trials. Many clinical researchers hold investments in or
receive research or consultancy funds directly from
industry (77). In addition, financial reimbursement
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and/or incentives may be offered to enhance recruit-
ment of subjects for clinical trials (78). Nonfinancial
personal interests, such as academic reputation and
promotion, are often involved for all types of clinical
research (79). To address concerns that these external
interests might compromise the integrity of clinical
research, regulatory restrictions and guidance have been
imposed at multiple levels, including pharmaceutical
company self-regulation, governmental regulations,
and institutional restrictions, with variable levels of
agreement between regulatory bodies (80). Investigator
disclosure of financial support and interests is now
considered routine for scientific publication and
presentation.

In some cases, it can appear that the regulations to
prevent external influence on conduct of research may
be inhibiting the exercise of academic and personal
freedoms on the part of the investigator(s) despite their
beneficial intent (81). For instance, publication require-
ments for industry-sponsored research recently
implemented by JAMA were deemed ‘‘unfair’’ and
‘‘absurd’’ in an editorial in BMJ (82). Similar arguments
have been made against restrictions placed on intra-
mural NIH investigators limiting interactions with
both industry and academia (83).

The ethical conduct of clinical research is a con-
stantly evolving area in which we are likely to see
further standardization of regulations. Input from
experienced clinical researchers in industry, universi-
ties, and other settings will be needed to make certain
that a balance is reached between regulatory require-
ments and necessary progress in clinical science.

Training

Given the rapidly growing need for credible clinical
research and the increasing emphasis on evidence-based
medical practice, one might assume that physician train-
ing in clinical research would be a highly structured
training requirement. In 1997, the NIH Director’s panel
on clinical research made four specific recommenda-
tions for improvement of clinical research training
and support (13). Current programs administered by
the NIH to encourage clinical scientist training include
the intramural NIH clinical research training program
for individuals, the extramural Mentored Clinical
Scientists Development Program Award (K-12 Award)
to institutions, and both intramural and extramural loan
repayment programs for clinical scientists.

However, as of this writing, specific standards for
such training are limited, particularly for those medical
programs and trainees not supported by one of the NIH
clinical scientist initiatives. In the United States, training
programs in pediatrics and pediatric subspecialties
are regulated by the Accreditation Council for Graduate
Medical Education (ACGME) (www.acgme.org). Clini-
cal research training is not specified in the current
ACGME pediatric program requirements (updated
7/2003), nor is it detailed in the pediatric endocrinology
program requirements (7/2000).

The American Board of Pediatric (www.abp.org),
which is responsible for post-training certification,
specifies in the general Eligibility Criteria Certification
in the Pediatric Subspecialties (11/2005) that for those
starting their training before 7/1/2004: ‘‘Subspecialty
residents must be instructed in the scientific and ethical
bases of clinical research, including study design, mod-
eling and methodology, statistical concepts, and data
collection and analysis. The institution must provide
the support necessary for a subspecialty resident to
participate in such scholarly activities.’’

In addition, the criteria specify that such training
in clinical research must start in year one and con-
tinue for the duration of training.

Surprisingly, the requirement for clinical research
training appears to be less stringently detailed for those
beginning their training after 7/1/2004, for whom the
above criteria are substituted by the following: ‘‘In
addition to participating in a core curriculum in schol-
arly activities, all fellows will be expected to engage in
projects in which they develop hypotheses or in pro-
jects of substantive scholarly exploration and analysis
that require critical thinking. Areas in which scholarly
activity may be pursued include but are not limited to
basic, clinical, or translational biomedicine; health ser-
vices; quality improvement; bioethics; education; and
public policy.’’

In the opinion of this author, the lack of required
clinical research training for physicians is a serious
oversight that will hopefully be addressed within
the near future. As perhaps a first step in that
direction, the American Association of Clinical Endo-
crinologists White Paper on Endocrine Clinical
Research (84) commits the AACE to ‘‘educate the
practicing endocrinologist on clinical research’’ and
‘‘bring a clinical research curriculum to endocrinology
training programs.’’

CLINICAL RESEARCH AND EVIDENCE-BASED
MEDICINE

A goal of modern medicine is the development of
evidence-based clinical practice standards and
guidelines. While knowledgeable physician judg-
ment should take precedence in caring for
individual patients, a recommended approach to a
particular problem, evidenced by credible research,
can provide considerable benefit. Examples of such
guidelines are those generated by expert panels on
behalf of the American Diabetes Association (www.
diabetes.org) and the American Association of Clini-
cal Endocrinologist (www.aace.com). In addition,
schemes for analyzing evidence for clinical recom-
mendations have been described (85,86).

Despite these goals and efforts, it is readily
apparent that subspecialty care is still largely guided
by anecdotal experience and opinion (87,88). For
instance, clinical trials have clearly shown that GH
improves height velocity for a variety of conditions;
however, evidence for improvement in final adult
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height, psychosocial benefit, and favorable cost-bene-
fit is less clear. Even for a more traditional condition,
adrenal insufficiency, there is ongoing controversy
over appropriate evidence-based diagnosis and ther-
apy. Full attainment of the goals of evidence-based
medicine will depend on proper training of research-
ers coupled with regulatory, institutional, and
financial support of clinical research.

CONCLUSIONS

Clinical research is considered to be the necessary
backbone of modern clinical medicine. Few physicians
would deny the potential value of basing all patient
assessment, diagnosis, and treatment on scientifically
sound research studies. Rapid, ongoing technological
advances have greatly increased diagnosis and treat-
ment possibilities. However, for pediatrics and its
subspecialties, support for necessary clinical research
studies and training of competent clinical researchers
have been inadequate (89,90). It is only within the past
decade, starting with FDAMA and the Pediatric Rule,
that there has been a continued forward momentum of
regulatory support for pediatric clinical research,
particularly clinical trials, in the United States. In
Europe and elsewhere, the process has only just
started. Clinical research training remains inadequate
and very unlikely to generate the needed quantity
and quality of independent investigators.

Coupled with increased attention to pediatric
research has been controversy over ethical and legal
boundaries, and imposition of regulatory guidelines
and requirements that many researchers find increas-
ingly onerous and limiting. To generate the necessary
data to test interventions, incentivizing potential sub-
jects, their parents and investigators to participate in
the clinical trial process has become routine. Clinical
research related to normal physiology has become
increasingly difficult, even as the need for normal
childhood data has escalated.

Especially within the pediatric subspecialties,
including pediatric endocrinology, many of the impor-
tant conditions are relatively uncommon, further
complicating the conduct of relevant clinical research
regarding pathogenesis and treatment. For many disor-
ders, individual research centers may not have sufficient
patients to generate statistically sound data. Postmarket-
ing studies, such as those conducted for GH, provide a
limited solution, but are limited on many levels, includ-
ing the lack of hypothesis-driven primary design, lack of
no-treatment control or comparison groups, limitations
on the extent of data that can be collected, and an
industry-oriented focus. Looking forward, pediatric
clinical researchers and non–industry funding sources
should explore avenues for collaborative projects,
perhaps along the lines of the cancer registries (10),
the completed Diabetes Prevention Trial-1 (91)
and the currently ongoing multinational T1DM-related
studies, TRIGR (www.trigr.org) and TrialNet (www.
diabetestrialnet.org).

If the dilemmas facing clinical research are not
addressed in a way that will facilitate free scientific
inquiry and good clinical research, it is unlikely that
the goal of universal evidence-based medicine will
be achieved. Physicians and other clinical researchers
have a duty to direct the evolution of the process
whether via individual actions or through involve-
ment in professional organizations.
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STANDARDS OF GROWTH
Neonates

Figure 1 Smoothed curve values for the mean� 2 SD of birth weight (A), length (B), and head circumference (C) for gestational age (D). Birth weight and/or

length 2 SD below the mean, adjusted for gestational age. Source: From Usher R, McLean F. Intrauterine growth of live-born Caucasians infants at sea level:

standards obtained from measurements in 7 dimensions of infants born between 25 and 44 weeks of gestation. J Pediatr 1969; 74:901–910; with permission

from Elsevier.
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Figure 2 Curves for weight (A), length (B),

and head circumference (C) for low birth-

weight preterm infants in relation to ges-

tation-adjusted ages. Source: From Guo SS

et al. Early Human Dev 1997; 47:305–325;

# 1997 Elsevier Ireland Ltd., by permission.
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Figure 3 Curves for weight (A), length (B), and head circumference (C) for very low birth-weight preterm infants in relation to gestation-adjusted ages. Source:

From Guo SS et al. Early Human Dev 1997; 47:305–325; # 1997 Elsevier Ireland Ltd., by permission.
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Figure 4 Fetal infant growth chart

for preterm infants from a meta-analy-

sis. Source: From Fenton TR. BMC

Pediatrics 2003; 3:13 (open access).
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Infants

Figure 6 Length quartiles of breast-fed infants at

least 12 months (n¼ 226) in comparison with the

WHO/CDC reference (1986). Source: From Dewey KG

et al. Pediatrics 1995; 96:495; by permission of AAP.

Figure 5 Weight quartiles of infants breast-fed at

least 12 months (n¼ 226) in comparison with the

WHO/CDC reference (1986). Source: From Dewey KG

et al. Pediatrics 1995; 96:495; by permission of AAP.
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Females

Figure 7 Length for age and weight for age percentiles from birth to 36 months for girls. Developed by the National Center for Health Statistics in collab-

oration with the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.

438 Carrillo and Lifshitz



Figure 8 Head circumference for age and weight for length percentiles. Developed by the National Center for Health Statistics in collaboration with the

National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 9 Stature for age and weight for age percentiles for girls 2 to 20 years. Developed by the National Center for Health Statistics in collaboration with the

National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 10 Yearly growth velocity for girls; growth rate, mean and standard deviations; ages 2 to 15 years. This plot is for the average-maturing children.

Developed by the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 11 Stature for age and weight for age percentiles for girls 2 to 20 years including lower percentiles to �5 SD. Developed by the National Center for

Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Males

Figure 12 Length for age and weight for age percentiles from birth to 36 months for boys. Developed by the National Center for Health Statistics in col-

laboration with the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 13 Head circumference for age and weight for length percentiles. Developed by the National Center for Health Statistics in collaboration with the

National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 14 Stature for age and weight for age percentiles for boys 2 to 20 years. Developed by the National Center for Health Statistics in collaboration with

the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 15 Yearly growth velocity for boys;

growth rate, mean and standard deviations; ages

2 to 15 years. This plot is for the average-matur-

ing children. Developed by the National Center

for Chronic Disease Prevention and Health Pro-

motion (2000). Source: http:www.cdc.gov/

growthcharts.

446 Carrillo and Lifshitz



Figure 16 Stature for age and weight for age percentiles for boys 2 to 20 years including lower percentiles to -5 SD. Developed by the National Center for

Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 17 Span in relation to age and standing height. Source: From Tanner JM, et al. 1985; 107:317–327.

MISCELLANEOUS MEASUREMENTS AND STANDARDS
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Figure 18 Upper-to-lower segment ratio, both sexes, birth to 16

years. Source: From Harriet Lane Handbook, 1975.
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Figure 19 Sitting height in relation to age

and standing height—birth to 20 years. (From

Engelbach W Endocrine) Medicine. Source: Cour-

tesy of Charles C. Thomas, Springfield: Illinois,

1932.
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Figure 20 Measurement of the shoulder-to-elbow length

(SE) and elbow-to-end-of-third metacarpal length (EMC).

Source: From Cervantes C, Lifshitz F. Tubular bone altera-

tions in familial short stature. Human Biol 1988; 60:

151–165.

Figure 21 Clinical assessment of brachymetacarpia. A straight ruler is applied

against the distal end of the third, fourth, and fifth metacarpals of a tightly closed fist.

The clinical observation of brachymetacarpia V was confirmed radiologically when the

fifth metacarpal bone failed to intercept a straight line connecting the distal ends of the

third and fourth metacarpal bones by more then 2 mm. Source: From Cervantes C, Lif-

shitz F, Levenbrown J. Radiologic anthropometry of the hand in patients with familial

short stature. Pediat Radiol 1988; 18:210–214.
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Figure 23 Upper arm length, males, 4 to 16 years. Source: From Manila

RM, Hamill PVV, Lemeshow S. Manual of Physical Performance in Child-

hood. Vol 1B. New York: Plenum Press, 1973:1048.

Figure 22 Upper arm length, females, 4 to 16 years. Source: From Man-

ila RM, Hamill PVV, Lemeshow S. Manual of Physical Performance in

Childhood. Vol 1B. New York: Plenum Press, 1973:1048.

Figure 25 Total upper limb lengths, both sexes, 4 to 16 years. Source:

From Martin and Saller. Lehrbuch der Antropologie, Gustave Fische,

Stuttgart.

Figure 24 Total upper limb lengths at birth by gestational age.

Source: From Sivan Y, Merlob P, Reisner SH. Am J Dis Child 1983; 137:

829.
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Figure 26 Body surface area nomogram. Source: From Arch

Dis Child 1994; 70:246.

Chapter 20: Reference Charts and Tables Frequently Used by Endocrinologists 453



Bone Development Standards

Figure 27 Development of dentition. Source: From Simon

FA, Stevenson RE. Pediatric Patient Care. University of Texas

Press, 1975.
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Figure 28 Chronological appearance of osseous centers—birth to 5 years. Source: From Wilkins, Lawson. Diagnosis and Treatment of Endocrine Disorders in

Childhood and Adolescence. Springfield: Illinois, 1966. Courtesy of Charles C. Thomas.
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Figure 29 Chronological appearance of osseous centers—6 to 13 years. Source: From Wilkins, Lawson. Diagnosis and Treatment of Endocrine Disorders in

Childhood and Adolescence. Springfield: Illinois, 1966. Courtesy of Charles C. Thomas.

Figure 30 Chronological order of union of epiphysis with diaphysis. Source: From Wilkins, Lawson. Diagnosis and Treatment of Endocrine Disorders in Child-

hood and Adolescence. Springfield: Illinois, 1966. Courtesy of Charles C. Thomas.
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Fatness Standards

Figure 31 Weight-for-stature percentiles, girls, CDC growth charts: United States. Note: Revised and corrected December 4, 2000. Developed by the National

Center for Health Statistics in collaboration with the National Center for Disease Prevention and Health Promotion (2000). Source: www.CDC.gov/growthcharts.
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Figure 32 Body mass index for age percentiles, females. Developed by the National Center for Health Statistics in collaboration with the National Center for

Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 33 Weight-for-stature percentiles, boys, CDC growth charts: United States. Note: Revised and corrected December 4, 2000. Developed by the

National Center for Health Statistics in collaboration with the National Center for Disease Prevention and Health Promotion (2000). Source: www.CDC.gov/

growthcharts.
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Figure 34 Body mass index for age percentiles, males. Developed by the National Center for Health Statistics in collaboration with the National Center for

Chronic Disease Prevention and Health Promotion (2000). Source: http:www.cdc.gov/growthcharts.
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Figure 35 Portland Health Institute Body Mass Index Graph, 2 to 5 years. Developed by Portland Health Institute, Inc. Source: Reproduced with permission

from Pediatrics 2004; 113:425–426; # 2004 by AAP.
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Figure 36 Portland Health Institute Body Mass Index Graph, 5 to 12 years. Developed by Portland Health Institute, Inc. Source: Reproduced with permission

of Pediatrics 2004; 113:425–426; # 2004 by AAP.
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Figure 37 (A) Waist circumference percentiles for European-American children and adolescents according to sex. Source: Fernandez JR, Redden DT,

Pietrobelli A, Allison DB. Waist circumference percentiles in nationally representative samples of African–American, European–American, and Mexican–American

children and adolescents. J Pediatr 2004; 145:439–444. # 2004 Mosby, with permission from Elsevier.

Figure 37 (B) Waist circumference percentiles for African-American children and adolescents according to sex. Source: Fernandez JR, Redden DT, Pietrobelli A,

Allison DB. Waist circumference percentiles in nationally representative samples of African–American, European–American, and Mexican–American children and

adolescents. J Pediatr 2004; 145:439–444. # 2004 Mosby, with permission from Elsevier.

Chapter 20: Reference Charts and Tables Frequently Used by Endocrinologists 463



Figure 37 (C) Waist circumference percentiles for Mexican-American children and adolescents according to sex. Source: Fernandez JR, Redden DT,

Pietrobelli A, Allison DB. Waist circumference percentiles in nationally representative samples of African–American, European–American, and Mexican–American

children and adolescents. J Pediatr 2004; 145:439–444. # 2004 Mosby, with permission from Elsevier.

Figure 37 (D) Waist circumference percentiles for all children and adolescents according to sex. Source: Fernandez JR, Redden DT, Pietrobelli A, Allison DB.

Waist circumference percentiles in nationally representative samples of African–American, European–American, and Mexican–American children and adoles-

cents. J Pediatr 2004; 145:439–444. # 2004 Mosby, with permission from Elsevier.
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Figure 38 Triceps and subscapular skinfolds, males and

females, 4 to 16 years. Source: From Schulueter K, Funfack W,

Pachalay J, Weber B. Eur J Pediatr 1976; 123:255; courtesy of

Springer Science and Business Media.

Figure 39 Ideal body fat percentages. Source: (1) from American

Academy of Pediatrics, 1895; (2) from Jackson AS, Stanforth PR,

Gagnon J, et al. The effect of sex, age, and race on estimating

percentage body fat from body mass index: the Heritage Family

Study. Int J Obes Relat Metab Disord 2002; 26:789–796; courtesy

of Elsevier.
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Genitalia and Puberty Stages

Figure 40 Phallic lengths of premature and full-term infants. Stretched

phallic length of 63 normal premature and full-term infants (), showing lines

of mean 2 SD. Correlation coefficient is 0.8. Superimposed are data for two

small-for-gestational-age infants (), seven large for gestational age infants

(), and four twins (), all of which are in the normal range. Source: From Feld-

man KW, Smith DW. Fetal phallic growth and penile standards for newborn

male infants. J Pediatr 1975; 86(3):395–398; courtesy of Elsevier.

Figure 41 Phallic diameters of premature and full-term infants. Source:

From Feldman KW, Smith DW. Fetal phallic growth and penile standards for

newborn male infants. J Pediatr 1975; 86(3):395–398; courtesy of Elsevier.

Figure 42 Ratio of clitoral diameter to infant’s weight plotted against

menstrual age. Measurements were made with calipers on 69 premature

and 90 term infants in the first three days of life. There were no differences

in measurements between black and white infants. Source: From Riley WS,

et al. J Pediatr 1980; 96:918.

Figure 43 Penile growth from birth to adolescence. Source: From Schon-

field WA. Am J Dis Child 1943; 65:535.
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Figure 44 Testicular growth from ages 4 to 18 years. Source: From

Laron A, Zilka E. J Clin Endocrinol Metab 1969; 29:1409; Adapted from data

of Praeder A. Recognizable Patterns of Human Malformation. 3rd ed. Phila-

delphia: WB Saunders, 1982.

Figure 45 Testicular volume from birth to 16 years. Source: From Zach-

man et al. (1974) and Goodman and Gorlin (1983).
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Figure 46 Progression of puberty stages of breast and pubic hair.
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Figure 47 Progression of puberty stages of male genita-

lia and pubic hair.
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Figure 48 Hair grading system Hirsutism. Source: From Ferriman D, Gallwey JD. J Clin Endocrinol Metab 1961:1440–1447.
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GROWTH CHARTS FOR CHILDREN WITH GENETIC
CONDITIONS

Figure 49 Growth chart for Turner Syndrome compared to normal female growth. The broken line shows growth in untreated Turner syndrome grils. Source:

Percentiles derived from Lyon AJ, Precee MA, Grant DB. Arch Dis Child 1985; 60:932–935.
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Figure 50 Growth curve for height in males with Noonan syndrome (solid lines) compared to normal values (dashed lines). Data obtained from 64 Noonan

syndrome males from a collaborative retrospective review. Source: From Witt DR et al. Clin Genet 1986; 30:150.
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Figure 51 Growth curve for height in females with Noonan syndrome (solid lines) compared to normal values (dashed lines). Data obtained from 48 Noonan

syndrome females from a collaborative retrospective review. Source: From Witt DR et al. Clin Genet 1986; 30:150.
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Figure 52 Length and weight for males with Down syndrome from birth to 36 months. Source: From Pediatrics 1988; 81:102.
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Figure 53 Height and weight percentiles for males 2 to 18 years with Down syndrome. Source: From Pediatrics 1988; 81:102.
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Figure 54 Length and weight percentiles for Down syndrome—female, birth to 36 months. Source: From Pediatrics 1988; 81:102.
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Figure 55 Height and weight percentiles for Down syndrome—female, 2 to 18 years. Source: From Pediatrics 1988; 81:102.
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Figure 56 Height percentiles for males with achondroplasia from birth to 18 years. Source: From J Pediatr 1978:435–438; courtesy of Elsevier.
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Figure 57 Upper and lower segments for achondroplasia—males, birth to 18 years. Source: From J Pediatr 1978:435–438; courtesy of Elsevier.
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Figure 58 Head circumference for males with achondroplasia. Source: From J Pediatr 1978:435–438; courtesy of Elsevier.
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Figure 59 Height curve for achondroplasia—female, birth to 18 years. Source: From J Pediatr 1978; 93:435–438; courtesy of Elsevier.
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Figure 60 Upper and lower

segments for achondroplasia—

females, birth to 18 years.

Source: From J Pediatr 1978;

93:435–438; courtesy of

Elsevier.

Figure 61 Head circumference percentiles for achondroplasia—female. Source: From J Pediatr 1978; 93:435–438; courtesy of Elsevier.
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Figure 62 Growth percentiles for diastrophic dysplasia—birth to 18 years

(no gender specified). Source: From Am J Dis Child 1983; 136:316–319.

Figure 63 Growth percentiles for spondyloepiphyseal dysplasia congenital—

birth to 18 years (no gender specified). Source: From Am J Dis Child 1983;

136:316–319.

Figure 64 Growth percentiles for pseudoachondroplasia—birth to 18

years (no gender specified). Source: From Am J Dis Child 1983;

136:316–319.

Chapter 20: Reference Charts and Tables Frequently Used by Endocrinologists 483



Figure 65 Height percentiles for males and females with Prader-Willi syndrome (solid lines) and healthy individuals (broken lines). Source: From Pediatrics

1991; 88:853.

Figure 66 Height and weight percentiles for Marfan syndrome—male, 2

to 24 years, superimposed in normal growth curves (5th, 50th, and 95th

percentiles). Cross-sectional and longitudinal data from 200 Caucasian

patients with Marfan syndrome were included. Bars shown� one standard

deviation. Source: From Pyeritz RE. Marfan Syndrome. Principles and Prac-

tice of Medical genetics. New York: Churchill Livingstone, 1983.

Figure 67 Height and weight percentiles for Marfan syndrome—female, 2

to 24 years, superimposed in normal growth curves (5th, 50th, and 95th

percentiles). Cross-sectional and longitudinal data from 200 Caucasian

patients with Marfan syndrome were included. Bars shown� one standard

deviation. Source: From Pyeritz RE. Marfan Syndrome. Principles and Prac-

tice of Medical genetics. New York: Churchill Livingstone, 1983.
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Figure 68 Curve of ear length for males with fragile

X syndrome (solid lines) and normal individuals (dot-
ted lines). Source: From Butler MG, Brunschwig A,

Miller LK, et al. Pediatrics 1992; 89:1059–1062.

Figure 69 Curves for testes volume for males

with fragile X syndrome—birth to 28 years. Source:

From Butler MG, Brunschwig A, Miller LK, et al.

Pediatrics 1992; 89:1059–1062.
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Figure 70 Height percentiles for William syndrome

females, 0 to 20 years. Source: From Saul RA, Geer Js,

Seaver LH, et al. Growth References: Third Trimester to

Adulthood. Greenwood, SC: Greenwood Genetic Center,

1998.
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Figure 71 Weight percentiles for William syndrome females, 0 to 20

years. Source: From Saul RA, Geer Js, Seaver LH, et al. Growth References:

Third Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center,

1998.

Figure 72 Head circumference percentiles for William syndrome females, 0 to

20 years. Source: From Saul RA, Geer Js, Seaver LH, et al. Growth References:

Third Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center, 1998.
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Figure 73 Height percentiles for William syndrome males, 0 to 20 years. Source: From Saul RA, Geer Js, Seaver LH, et al. Growth References: Third Trimester

to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.
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Figure 74 Weight percentiles for William syndrome males, 0 to 20 years. Source: From Saul RA, Geer Js, Seaver LH, et al. Growth References: Third Trimester

to Adulthood. Greenwood, SC: Greenwood Genetic Center, 1998.
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Figure 75 Head circumference percentiles for William syndrome males, 0 to 20 years. Source: From Saul RA, Geer Js, Seaver LH, et al. Growth References:

Third Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center, 1998.
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Figure 76 Length (A), weight (B), and head circumference (C) percentiles

for neurofibromatosis type 1 males, 3 to 36 months. Source: From The

National Foundation International Database. Unaffected norms are from

the National Center for Health Statistics and the Fels Institute.
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Figure 77 Length (A), weight (B), and head circumference (C) for neuro-

fibromatosis type 1 females, 3 to 36 months. Source: From The National

Foundation International Database. Unaffected norms are from the National

Center for Health Statistics and the Fels Institute.
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Figure 78 Height percentiles for NF1 males (A) and females (B) 2 to 18 years. Source: From The National Foundation International Database. Unaffected

norms are from the National Center for Health Statistics and the Fels Institute; Szudek J, Birch P, Friedman JM. J Med Genet 2000; 37:933–938; courtesy of

BMJ Publishing Group LTd, 2000.
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Figure 79 Height percentiles for Russell–Silver syndrome girls from 0 to 20

years. Source: From Wollman HA et al. Eur J Pediatr 1995; 154:958; courtesy of

Springer Science and Business Media.
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Figure 80 Height percentiles for Russell–Silver syndrome males from 0 to

20 years. Source: From Wollman HA et al. Eur J Pediatr 1995; 154:958;

courtesy of Springer Science and Business Media.
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Table 1 Eating Attitudes Score

Always Very often Often Sometimes Rarely Never

Am terrified about being overweight ( ) ( ) ( ) ( ) ( ) ( )

Avoid eating when I am hungry ( ) ( ) ( ) ( ) ( ) ( )

Find myself preoccupied with food ( ) ( ) ( ) ( ) ( ) ( )

Have gone on eating binges where I feel that I may not be able to stop ( ) ( ) ( ) ( ) ( ) ( )

Cut my food into small pieces ( ) ( ) ( ) ( ) ( ) ( )

Aware of the calorie content of foods I eat ( ) ( ) ( ) ( ) ( ) ( )

Particularly avoid foods with high carbohydrate content (e.g., bread, potatoes, rice) ( ) ( ) ( ) ( ) ( ) ( )

Feel that others would prefer if I ate more ( ) ( ) ( ) ( ) ( ) ( )

Vomit after I have eaten ( ) ( ) ( ) ( ) ( ) ( )

Feel extremely guilty after eating ( ) ( ) ( ) ( ) ( ) ( )

Am preoccupied with a desire to be thinner ( ) ( ) ( ) ( ) ( ) ( )

Think about burning up calories when I exercise ( ) ( ) ( ) ( ) ( ) ( )

Other people think that I am too thin ( ) ( ) ( ) ( ) ( ) ( )

Am preoccupied with the thought of having fat on my body ( ) ( ) ( ) ( ) ( ) ( )

Take longer than others to eat my meals ( ) ( ) ( ) ( ) ( ) ( )

Avoid foods with sugar in them ( ) ( ) ( ) ( ) ( ) ( )

Eat diet foods ( ) ( ) ( ) ( ) ( ) ( )

Feel that food controls my life ( ) ( ) ( ) ( ) ( ) ( )

Display self-control around food ( ) ( ) ( ) ( ) ( ) ( )

Feel that others pressure me to eat ( ) ( ) ( ) ( ) ( ) ( )

Give too much time and thought to food ( ) ( ) ( ) ( ) ( ) ( )

Feel uncomfortable after eating sweets ( ) ( ) ( ) ( ) ( ) ( )

Engage in dieting behavior ( ) ( ) ( ) ( ) ( ) ( )

Like my stomach to be empty ( ) ( ) ( ) ( ) ( ) ( )

Enjoy trying new rich foods ( ) ( ) ( ) ( ) ( ) ( )

Have the impulse to vomit after meals ( ) ( ) ( ) ( ) ( ) ( )

Note: Scores are derived as follows: a mark on ‘‘always’’ yields 3 points, ‘‘very often’’ 2 points, ‘‘often’’ 1 point, and ‘‘others’’ 0 point. The only exception is

number 25, which is reversed scoring. Any patient who scores above 20 points may have a severe eating disorder

Source: From Gardner MP, Bohr Y, Garfinkel PE. The Eating Attitude Test: psychometric features & clinical correlates. Psych Med 1982; 12:871–878.

Miscellaneous Data
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Table 2 Serum Total Cholesterol Levels for Children and Adolescents by Sex, Age, and Race NHANES III

Population group N
Mean

(SE)�
Percentiles

5 10 25 50 75 90 95

Agea (years)

4–5 1,707 162 (0.9) 124 132 144 161 177 194 204

6–8 1,367 168 (1.0) 126 134 149 165 282 197 209

8–11 1,488 171 (1.0) 131 139 151 168 187 206 222

12–15 1,502 161 (1.2) 118 126 141 158 178 197 209

16–19 1,435 165 (1.6) 118 124 141 158 182 207 222

12–19 2,937 163 (1.0) 518 125 141 158 180 201 217

Total (4–19) 7,499 165 (0.6) 121 130 145 162 181 200 216

Sex and ageb (years)

Male

4–5 161 (1.5) 122 132 143 159 175 191 202

8–8 160 (1.7) 126 134 146 164 183 202 212

9–11 173 (2.0) 135 140 153 170 188 208 226

12–15 158 (1.6) 116 124 140 157 174 192 203

16–19 158 (1.8) 116 122 138 155 174 199 213

12–19 158 (1.2) 116 123 139 156 174 195 206

Total (4–19) 163 (1.0) 119 127 143 161 179 198 212

Female

4–5 164 (1.3) 125 133 145 182 178 196 206

6–8 166 (1.4) 126 138 149 165 180 596 203

9–11 169 (1.5) 130 137 148 166 185 204 218

12–15 164 (1.9) 122 129 142 159 181 201 218

16–19 171 (2.3) 118 128 145 163 189 217 237

12–19 167 (1.3) 119 128 144 181 185 209 225

Total (4–19) 167 (0.8) 124 132 147 163 184 202 220

Race/ethnicity and sex

Non-Hispanic black

Male 168 (1.0) 122 132 148 165 186 304 219

Female 171 (1.2) 122 134 149 167 189 213 226

Non-Hispanic white

Male 162 (1.2) 118 126 143 160 178 195 207

Female 166 (1.1) 123 132 146 163 182 200 217

Mexican American

Male 183 (1.0) 121 129 143 159 180 202 213

Female 165 (1.1) 121 128 144 161 183 201 216

Race/ethnicity and age (years)

Non-Hispanic black

4–5 166 (1.3) 121 128 147 164 182 200 214

6–8 172 (1.7) 128 138 150 168 190 210 219

9–11 173 (1.8) 131 138 152 168 191 212 228

12–15 168 (1.2) 119 127 147 168 186 208 222

16–19 168 (1.7) 120 131 147 163 186 214 226

12–19 168 (1.1) 119 130 147 164 186 211 224

Total (4–19) 170 (0.9) 122 133 148 168 187 209 223

Non-Hispanic white

4–5 162 (1.5) 128 134 144 160 175 188 202

6–8 166 (1.3) 125 133 149 165 181 196 204

9–11 170 (1.1) 131 140 151 168 186 201 219

12–15 159 (1.4) 117 126 140 157 176 193 203

16–19 163 (2.1) 117 123 139 157 182 205 221

12–19 161 (1.4) 117 124 139 157 179 199 215

Total (4–19) 164 (0.8) 119 129 144 162 180 198 212

Mexican American

4–5 161 (1.7) 120 127 143 159 177 197 204

6–8 164 (1.8) 126 134 145 162 179 192 208

9–11 168 (1.2) 126 135 147 163 186 206 216

12–15 160 (1.7) 118 123 139 155 176 198 212

16–19 168 (2.3) 121 129 145 162 186 211 227

12–19 163 (1.6) 119 126 141 157 181 204 218

Total (4–19) 164 (0.9) 121 129 144 160 182 201 214

Source: From Hickman TB, Briefel RR, Carroll MD, et al. Distributions and trends of serum lipid levels among United States children and adolescents ages 4–19

years: data from the Third National Health and Nutrition Examination Survey. Prev Med 1998; 27:879–890.
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Table 3 Serum HDL-C Levels for Children and Adolescents by Sex, Age, and Race NHANES III

Population group N
Mean

(SE)�
Percentiles

5 10 25 50 75 90 95

Age (years)

4–5 1,697 49 (0.5) 30 35 40 47 55 64 70

6–8 1,362 52 (0.6) 33 37 43 50 59 67 71

9–11 1,479 52 (0.6) 35 38 43 51 59 68 74

12–15 1,494 50 (0.6) 33 35 41 48 57 64 69

16–19 1,426 49 (0.5) 31 34 40 48 56 64 70

12–19 2,920 49 (0.4) 32 35 40 48 56 64 69

Total (4–19) 7,458 50 (0.3) 32 36 41 49 57 65 71

Sex and age� (years)

Male

4–5 50 (0.7) 31 35 41 49 56 65 71

6–8 53 (0.6) 33 37 43 51 60 68 73

9–11 534(0.6) 37 39 44 52 61 71 76

12–15 48 (0.7) 32 35 39 46 55 62 67

16–19 46 (0.9) 30 33 38 45 51 61 67

12–19 47 (0.6) 31 34 38 46 53 62 67

Total (4–19) 50 (0.4) 32 35 40 48 57 65 71

Female

4–5 48 (0.6) 30 34 39 46 55 62 68

6–8 50 (0.9) 33 37 43 49 57 64 70

9–11 51 (0.7) 33 38 42 50 57 65 69

12–15 51 (0.8) 33 36 42 50 58 66 70

16–19 52 (0.7) 33 37 43 52 59 66 72

12–19 52 (0.5) 33 37 43 51 59 66 71

Total (4–19) 51 (0.4) 33 36 42 50 58 65 70

Race/ethnicity and sex

Non-Hispanic black

Male 55 (0.5) 37 39 46 53 63 72 77

Female 56 (0.4) 36 40 46 54 63 72 78

Non-Hispanic white

Male 48 (0.5) 31 35 39 47 55 63 68

Female 50 (0.5) 32 36 41 49 56 63 68

Mexican American

Male 51 (0.5) 31 35 41 49 58 66 72

Female 52 (0.4) 34 37 43 50 58 57 73

Race/ethnicity and age (years)

Non-Hispanic black

4–5 53 (0.7) 35 38 45 52 59 68 75

6–8 58 (0.7) 39 42 49 57 66 73 80

9–11 58 (0.7) 35 41 47 57 56 76 83

12–15 55 (0.8) 36 39 46 54 63 72 77

16–19 53 (0.5) 36 38 45 51 59 69 74

12–19 54 (0.5) 36 39 45 52 61 71 76

Total (4–19) 55 (0.4) 36 40 46 54 63 72 78

Non-Hispanic white

4–5 47 (0.8) 29 34 39 46 53 63 67

6–8 50 (0.8) 32 36 42 49 56 65 69

9–11 51 (0.8) 35 38 42 50 58 66 71

12–15 48 (0.7) 32 35 40 47 54 61 65

16–19 48 (0.6) 30 33 39 47 54 61 67

12–19 48 (0.5) 31 34 40 47 54 61 66

Total (4–19) 49 (0.4) 32 35 41 48 55 63 68

Mexican American

4–5 50 (0.6) 29 35 41 49 57 64 69

6–8 53 (0.6) 35 38 44 52 59 66 72

9–11 52 (0.0) 33 37 42 51 60 70 76

12–15 50 (0.7) 32 35 42 49 57 65 70

16–19 50 (0.6) 32 36 42 48 57 65 72

12–19 50 (0.6) 32 36 42 49 57 65 71

Total (4–19) 51 (0.4) 32 36 42 50 58 66 72

Source: From Hickman TB, Briefel RR, Carroll MD, et al. Distributions and trends of serum lipid levels among United States children and adolescents ages 4–19

years: data from the Third National Health and Nutrition Examination Survey. Prev Med 1998; 27:879–890.
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Table 4 Serum LDL-C Levels for Children and Adolescents by Sex, Age, and Race NHANES III

Population group N
Mean

(SE)�
Percentiles

5 10 25 50 75 90 95

Age (years)

12–15 551 91 (2.0) 51 56 73 88 106 125 135

16–19 544 99 (2.8) 56 63 78 90 113 146 162

Total (12–19) 1,095 95 (1.6) 53 61 76 89 109 132 152

Sex and age� (years)

Male

12–15 88 (2.4) 50d 54d 68 83 103 119d 131d

16–19 94 (3.8) 54d 64d 76 89 103 132d 153d

Total (12–19) 91 (2.1) 52 60 73 88 103 126 149

Female

12–15 94 (2.8) 54d 59 77 90 110 127 145d

16–19 103 (4.4) 59d 63 79 94 123 147 167d

Total (12–19) 99 (2.4) 54 62 78 92 115 139 161

Race/ethnicity and sex

Non-Hispanic black

Male 99 (2.4) 60 68 80 98 115 127 138

Female 102 (1.9) 58 71 81 96 123 142 154

Non-Hispanic white

Male 91 (3.2) 48d 58 72 87 102 131 152d

Female 100 (3.4) 54d 60 76 90 115 145 161d

Mexican American

Male 93 (2.2) 56d 63d 74 93 107 123 135d

Female 92 (3.1) 52d 57 74 88 108 124 139d

Race/ethnicity and age (years)

Non-Hispanic black

12–15 101 (2.1) 57 70 81 99 119 133 142

16–19 100 (2.0) 60 69 80 96 116 134 156

Total (12–19) 101 (1.4) 59 69 81 97 119 134 146

Non-Hispanic white

12–15 89 (2.7) 46d 53 70 86 105 122 133d

16–19 101 (3.9) 58d 65 78 90 113 151 163d

Total (12–19) 95 (2.6) 51 59 75 88 107 135 155

Mexican American

12–15 91 (3.0) 53d 57 73 90 106 123 130d

16–19 95 (2.1) 57d 63 76 91 109 126 140d

Total (12–19) 93 (2.1) 54 61 74 91 107 123 136

Source: From Hickman TB, Briefel RR, Carroll MD, et al. Distributions and trends of serum lipid levels among United States children and adolescents ages 4–19

years: data from the Third National Health and Nutrition Examination Survey. Prev Med 1998; 27:879–890.
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Table 5 Serum Triglycerides Levels for Children and Adolescents by Sex, Age, and Race NHANES III

Population group N
Mean

(SE)b

Percentiles

5 10 25 50 75 90 95

Agec (years)

12–15 554 91 (4.4) 38 44 56 74 108 147 208

16–19 545 95 (3.7) 39 45 58 78 119 173 207

Total (12–19) 1,099 93 (2.4) 38 45 57 76 110 160 207

Sex and agec (years)

Male

12–15 87 (7.0) 35d 41d 54 72 101 135d 178d

16–19 94 (6.1) 36d 45d 58 79 119 165d 200d

Total (12–19) 91 (4.0) 36 42 55 74 107 150 196

Female

12–15 96 (5.6) 41d 48 59 81 110 170 213d

16–19 96 (5.9) 43d 46 60 76 118 168 207d

Total (12–19) 96 (3.9) 43 47 60 77 115 171 208

Race/ethnicity and sex

Non-Hispanic black

Male 72 (4.5) 35d 39 48 63 84 99 117d

Female 72 (3.2) 36d 40 50 63 81 110 144d

Non-Hispanic white

Male 95 (6.5) 37d 43 56 76 109 164 205d

Female 99 (5.0) 41d 47 60 80 118 172 218d

Mexican American

Male 95 (5.5) 37d 44 55 79 109 146 203d

Female 98 (4.6) 45d 53 62 85 111 156 202d

Race/ethnicity and age (years)

Non-Hispanic black

12–15 74 (5.2) 35d 39 49 64 82 103 151d

16–19 70 (2.7) 35d 41 48 63 83 100 120d

Total (12–19) 72 (3.0) 35 39 49 63 82 101 126

Non-Hispanic white

12–15 94 (6.7) 38d 43 57 74 108 168 211d

16–19 99 (4.6) 39d 48 59 81 123 173 223d

Total (12–19) 97 (3.4) 39 35 57 78 115 171 216

Mexican American

12–15 95 (4.0) 43d 48 60 83 109 144 191d

16–19 98 (6.2) 38d 46 60 82 112 158 210d

Total (12–19) 96 (3.7) 42 47 60 83 111 150 205

Source: From Hickman TB, Briefel RR, Carroll MD, et al. Distributions and trends of serum lipid levels among United States children and adolescents ages 4–19

years: data from the Third National Health and Nutrition Examination Survey. Prev Med 1998; 27(6):879–890.
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[Hyperglycemia]
gluconeogenesis disorders, 304–305
glycogen synthesis disorders, 300–304
hormone deficiency, 300
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isolated growth hormone deficiency, 300
ketone synthesis, 307–311
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cerebral edema and, 158–161. See also
Cerebral edema.
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morbidity and mortality, 156
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pathophysiology, 156
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Hyperinsulinism, 43–44, 59, 174, 176, 196,
212–222, 296, 304, 342–344

hyperketotic hyperglycemia, 299
infant of diabetic mother (IDM), 344–346
perinatal stress and, 343
Rh incompatibility and, 346
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272, 300, 368
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Hyperlipidemia, 37–38, 74–76, 102, 114, 178,
221, 279–284, 302

assessment of children with, 281–282
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etiology of, 261
Gordon syndrome, 269
hyperparathyroidism and, 271
iatrogenic forms of, 271–272
Insulin resistance (IR), 228
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low-renin, 266

algorithm, 266
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neural crest tumors and, 270–271
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[Hypertension]
prevention of, 271–273
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steroid 11-b-hydroxylase deficiency,

265–267
steroid 17-a-hydroxylase deficiency,

267
steroidogenic enzyme defects, 265
thyroid disease and, 270
Type 1 diabetes mellitus and, 76
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secondary causes, 282

Hyperuricemia, 50, 174, 211, 221, 304, 374

fatty acid oxidation defects and, 375
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acute complications, 113
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diagnostic algorithm, 313
differential diagnosis, 297
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dietary therapy for, 311
prenatal diagnosis, 317

gluconeogenesis disorders, 304–305
glucose-6-phosphatase deficiency, 301
glycogen storage disease (GSD), 297
glycogen synthase (GYS2) gene, 300
insulin-induced, 291
islet disorders and, 344
laboratory investigation, 313
nocturnal, 316
patient history, 312
perinatal stress and, 343
physical examination, 312
preparedness for, 141–142

[Hypoglycemia]
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143–144
preterm AGA neonates, 340
pulmonary edema and, 342–343
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sepsis and, 343–344
signs and symptoms, 140
small for gestational age infants, 340–342

comorbidities, 340–341
treatment, 316–317
Type 1 diabetes mellitus, acute
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causes, 339–340
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definition of, 330–332
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glycogenesis and, 348–349
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maternal ethanol consumption, 348
metabolic considerations, 338–339
parenteral therapy, 350
pathophysiological considerations, 338–339
perinatal stress and, 343
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comorbidities, 340–341
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binding sites, 180
glucose inhibitors, 181
incretins, 181
insulin, 181
meglitinide/repaglinide, 180–181
sulfonylurea, 180–181
thiazolidinediones, 181
Type 2 diabetes mellitus (T2DM),

treatment, 178–181
Hypopituitarism, 340, 390

congenital, 300
hyperglycemia and, 300

Hypothalamic alteration, acquired, 18
Hypothalamic obesity, 18
Hypothalamus

food intake regulation and, 14
gut peptides and, 214
insulin resistance syndrome

(IRS), 213–215
Hypoventilation, insulin resistance and, 230
Hypoxia, hypoglycemia and, 343

Idiopathic ketotic hypoglycemia,
296–297

IL-6, 216
Impaired glucose tolerance (IGT), 212

insulin resistance and, 227
In utero programming hypothesis of fetal

size, 252–254
Inborn errors of metabolism, in

neonates, 349
Inborn metabolic disease, 359–393

fatty acid oxidation defects, 372–378
maple syrup urine disease, 371–372
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[Inborn metabolic disease]
urea cycle defects,359–364
See also specific disorders.

Incretins, 16, 101, 180, 190
hypoglycemic agents, 181

Infant of diabetic mother (IDM), 344–346
contrainsulin hormones, 345
hyperglycemia and, 344–346
morbidities, 344
mortality rates, 344
See also Hyperinsulinism.

Inhaled insulin, 120
Insta-glucose1, 141
Insulin

action, genetic defects and, 197–198
amino acid sequence, 105
analogs, 103
autoantibodies, 88–89
cognitive effects of, 222
diabetic ketoacidosis (DKA), 164
discovery of, 101
energy regulation, 214
high-dose, Type 1 diabetes mellitus and,

66–67
hypoglycemic agents, 181
inhaled, 120
molecular mechanisms of action, 222–223

Insulin autoimmune hypoglycemia, 307
Insulin to carbohydrate ratio, 125
Insulin deficiency, metabolic disturbances

and, 101–102
Insulin detemir, 106
Insulin dose adjustments, 109–110

10% rule, 109
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elective surgery, 110
exercise, 110
recurrent illnesses, 110
somogyi effect, 109–110

Insulin dose calculation example, 129
Insulin dose formulas, 139
Insulin gene

mutations, 197
obesity and, 11
transcription factors, 191

Insulin glargine, 106, 129, 130
with nocturnal hypoglycemia, 129

Insulin glulisine, 105
Insulin infusion, continuous subcutaneous,

130–138.
See Insulin pump therapy.

Insulin infusion therapy, 108–109
Insulin-like growth factors (IGFs), fetal

growth and, 251
Insulin lispro, 105
Insulin management strategies, 106–109
Insulin preparations, 103–106
Insulin promoter factor-1 defect, in MODY,

195–196
fibroblast growth factor receptor-1, 196
gestational diabetes, 196
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glucokinase mutation, 251
mutations, 195
with pancreatic agenesis, 251

Insulin pump log, 135
Insulin pump therapy

hypoglycemia and, 137–138, 141–142, 143
infusion site and set, 131
initial pump dose calculation, 135
initiation of, 134
insulin pump log, 135

[Insulin pump therapy]
patient education, 130
patient selection, 130

Insulin pumps, comparison of, 132–133
Insulin receptor gene, 191
Insulin receptor substrate-1 (IRS-1), 213
Insulin regimens, examples of, 107
Insulin regulation syndrome (IRS), 215–216
Insulin release and glucose detection, 190
Insulin requirements, Type 1 diabetes

mellitus, 103
Insulin resistance (IR), 59

acanthosis nigricans (AN) lesions, 176, 229
acne and, 229
acquired, 224
body fat distribution, 227
candidate genes for, 223
childhood nutrition and, 171
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diagnosis of, 230–231
dyslipidemia, 228
euglycemic hyperinsulinemic clamp

studies, 231
fatty liver disease, nonalcoholic, 228
features in children vs. adults, 226
genetics of, 222–225
hyperandrogenism, 228
hypertension, 228
hypoventilation, 230
impaired glucose tolerance (IGT), 227
inflammation and immunity, effects on,

229–230
malignancy and, 230
molecular pathways and mutations,

223–224
nonalcoholic steatohepatitis, 228
obesity, 3, 11, 14, 17, 18, 20, 43, 172–173,

226–227
pathogenesis, 222–225
polycystic ovary syndrome (PCOS), 228
peripheral, 91, 171
premature adenarche, 228
pseudoacromegaly, 229
Rabson-Mendenhall syndrome, 58, 198,

223–225
screening for, 231
severe, 224–225
skin tags, 229
sleeps apnea, 230
steroid induced, 224
T2DM, 176, 226–227
tall stature and, 229
treatment, 232–235

bariatric surgery, 235
diet, 232–233
pharmacological, 233–235
physical activity, 233

type A syndrome, 225
type B syndrome, 225

Insulin resistance syndrome (IRS),
211–235

adipocytokines, 215–216
adrenal glucocorticoids, 217–218
atherosclerosis, 22
carbohydrate addition, 221–222
comorbidities of, 174
Cushing’s syndrome vs., 219
dyslipidemia and, 220–221
epidemiology, 211–212
fatty liver, 221
fibrinolysis defects, 220
gallbladder disease, 221
gout, 221

[Insulin resistance syndrome (IRS)]
hypothalamus, 213–215
manifestations in T2DM, 174–175
mechanisms underlying, 213–214
nephrosis, 221
nonalcoholic steatohepatitis, 221
obesity and, 2–3, 211–213
ovarian hormonal response, 218
pancreatic b-cell response, 216–217
pathophysiology, 212–213
pharmacological treatment, 233

alpha-glucosidase blockers, 235
antiepiletic drugs, 235
appetite suppressants, 234
bariatric surgery, 235
leptin, 235
lipid-lowering agents, 234
metformin, 233
prematurity, 218–219
thiazolidinediones, 233
thrombolytics, 234

protease inhibitors, 219
puberty and, 172, 218
resting energy expenditure (REE), 221
small for gestational age, 218–219
thrombosis and, 220
uric acid metabolism, 221

Insulin secretion, regulation of,
294–295

Insulin sensitivity, relation to insulin
secretion, 217

Insulin sensitivity factor (ISF), 136

Insulin therapy, 102, 129

basal-bolus regimens, 107, 109
basal insulin secretion, 107
continuous subcutaneous insulin

infusion (CSII), 106
fixed meal-insulin regimens, 107
human insulins, 103
insulin infusion devices, 103
insulin preparations, 103
insulin sensitivity factor for, 108
multiple daily injections (MDI), 106
Somogyi effect, 109
theoretical advantages of, 103
Type 1 diabetes mellitus, 103–110

Insulinoma-2-associated autoantibodies, 88

Insulinopathies, beta cell function, genetic
defects, 197

Insulin-signaling pathways, 223

Intramyocellular lipids (IMCL), 213

Intravenous glucose tolerance testing
(IVGTT), 64, 217

Islet autoantibodies, Type 1 diabetes
mellitus and, 87–89

Islet autoantibody testing, 89

Islet cell cytoplasmic autoantibodies,
87–88

Islet transplantation

calcineurin inhibitors, 91
immunosuppressive agents, 91
insulin resistance, 91
purification technique, 90
Type 1 diabetes mellitus and, 90–91

Isolated growth hormone deficiency,
hyperglycemia and, 300

Isovaleric acidemia (IVA), 364

Jamaican vomiting sickness, 306

hyperglycemia in, 306
Joint problems, Type 1 diabetes mellitus

and, 68–69
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Ketoacidosis, 59–61, 66–66, 84, 90, 101, 108,
155–160, 192, 225, 306, 364

diabetic, bedside neurologic
evaluation, 160

Type 1 diabetes mellitus, acute
complications, 114

Ketone synthesis defects, 374
hyperglycemia and, 307–311

Ketones
cerebral edema and, 160
insulin dose and, 139

Ketonuria, fasting and, 297
Ketosis, fasting and, 297
Ketotic hypoglycemia, causes of, 297
Kir6.2 mutations, neonatal diabetes
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Klinefelter syndrome, 58, 198, 282

T2DM and, 199–200
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acidemias (PLA).
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Lawson Wilkins Pediatric Endocrine

Society, 161
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insulin in, 198
Leptin, 49–50, 176, 213–215, 225, 255, 340

in energy regulation, 214, 215
insulin resistance (IR) treatment, 235
obesity and, 14, 15, 49

Leucine-sensitive hypoglycemia. See
Persistent hyperinsulinemic
hypoglycemia (PHHI).

Levemir (insulin detemir), 104, 128
Liddle syndrome, 264–266, 271
Life style changes, as obesity prevention,
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Lipid disorders, 279–288

familial combined hyperlipidemia, 284
familial defective apoB-100, 284
familial hypercholesterolemia (FH),
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hypercholesterolemia, 285

autosomal recessive, 284
polygenic, 284
hyperchylomicronemia, 285
hyperlipidemia, familial combined, 284
hypertriglyceridemia

familial, 284–285
inherited, 284–285
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Lipids, structure of, 279
Lipoatrophy, in diabetes mellitus, 69
Lipodystrophy, 225

Type 2 diabetes mellitus (T2DM), 199
Lipohypertrophy, 69, 119, 131

in diabetes mellitus, 69
Lipoproteins

endogenous metabolic pathway, 280–281
exogenous metabolic pathway, 279–280
high-density, metabolism of, 280
metabolic pathways, 279–281
structure of, 279

Lipoprotein abnormalities, Type 2 diabetes
mellitus (T2DM), 175

Liver disease, Hyperglycemia, 306
Long-acting analog insulin preparations, 104
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Low birth weight
effects of, 251–257
endocrine dysfunction and, 254–255
See also Small for gestational age;

Fetal growth.
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(LDL-C), 111, 171, 281
cutoff points, 282
in Type 1 diabetes, 111

Low-renin hypertension, in children, 266
algorithm, 266
renal transporter mutations,
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Macrovascular disease, Type 1 diabetes
mellitus and, 75

Malaria, hyperglycemia and, 305
Malnutrition, hyperglycemia and, 305
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Maple syrup urine disease

(MSUD), 296, 306, 348, 370–372
clinical presentation of, 371
hyperglycemia and, 306
long-term management, 372
manifestations, 371
pathophysiology of, 371
phenotypes, 371
treatment, acute, 371–372
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(T2DM), 172
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MODY.
beta cell function defects, 192
definition of, 192
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molecular diagnosis of, 194
transcription factors, 193
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Mauriac syndrome, 70
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non-insulin-dependent phenotype, 194

Mitochondrial fatty acid oxidation defects.
See Fatty acid oxidation defects.

Mitochondrial oxidative phosphorylation
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Neonatal glucose metabolism, 329
clinical assessment
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metabolic, 339
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glucose utilization, 335
hepatic glucose production,

333–335
nonoxidative disposal of glucose, 344
oxidative disposal of glucose,

336–337
Neonatal hypoglycemia

blood-glucose testing, 333
hereditary fructose intolerance, 349
oral lipid supplementation of, 351
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See Hypoglycemia, neonatal.
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treatment of, 350
umbilical catheter, 346
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predictors of, 71
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(NAFLD), 221

Nonalcoholic steatohepatitis, insulin
resistance syndrome and, 221, 228

Index 507



Nonexercise activity thermogenesis
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adipose tissue endocrine functions, 17–18
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body fat measurements, 9
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therapeutic goals, 47
See Diets.

Obstructive sleep apnea (OSA)
cardiopulmonary disease, 4
clinical presentations of, 51
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insulin-stimulated glucose, 219

Plasma glucose concentrations, fasting
and, 294
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insulin sensitivity, 256
secretion of adrenal steroids, 256
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Race, Type 2 diabetes mellitus (T2DM),

172–173
Rapid analog insulin preparations, 104

usage guidelines, 129
Renal transporters, mutations causing
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obesity and, 17
Respiratory chain defects, 307
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Salicylate poisoning, hyperglycemia
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