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About the Series

‘‘Clinical Pediatrics’’ is a series of books designed to continually update the knowledge of the practicing pediatrician in diverse areas
of the specialty. Each volume in the series addresses rapidly developing topics that are changing the attitudes and treatment approaches
of the clinician. The chapters comprising the volumes represent the state of the art on the various subjects from the vantage point of
recognized experts in the field.

The books already published in this series are Common Pediatric Disorders, Congenital Metabolic Diseases, Antimicrobial
Therapy in Infants and Children, Food Allergy, Metabolic Bone Disease, and Pediatric Endocrinology. The first edition of the last
book was published in 1985, the second edition in 1990, and the third edition in 1996. This book has become the most sought-after
reference book in the field, making necessary an updated fourth edition. This fourth edition of Pediatric Endocrinology is the ninth
book in the Clinical Pediatrics series. It is an updated, improved, and greatly expanded version, which covers the field in a compre-
hensive manner to update clinicians on the numerous recent advances in pediatric endocrinology. The most frequent encounters by
pediatricians are covered and reviewed in a practical, patient-oriented, yet scientific style, making it an invaluable resource for pedi-
atricians and specialists alike.

These books serve as the foundation for the volumes that will follow, each complementing the others. Together, they will constitute
a comprehensive review of the most recent developments in pediatrics.

Fima Lifshitz
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Foreword

The fourth edition of Pediatric Endocrinology is designed according to the same concept as that of the first three, but it far exceeds
the very significant accomplishments of the previous editions. The first three editions, each of which was more complete and broadly
informative than the last, were written for a diversified audience of general pediatricians, pediatric endocrinologists, geneticists, and
others. Each of these texts became the most used and sought-after in the field in the United States and throughout the world. Pediatric
Endocrinology became established as the most respected book on the subject, dating back to the publication of the first edition in
1985. A review of the content of this, the fourth edition, reveals an even more improved text. Each chapter is written by highly
respected clinicians who are also investigators in the topics covered. The book has a very practical clinical approach, yet it provides
comprehensive coverage of all the major endocrine glands and diseases. The content of each of the various chapters is fully inclusive,
which augments the value of the presentation of each subject. The balance between the clinical material and the physiology, physio-
pathophysiology, and treatment information is ideal. The review of each topic is as updated as is feasible in constructing a book of
this magnitude.

Readers and users of this text will be pleased and appreciative of the effort and successful accomplishment of Dr. Lifshitz and
his colleagues who edited and authored this fourth edition. Dr. Lifshitz has again demonstrated his insight and capability as an
accomplished educator for students at all levels. Congratulations on this contribution, a legacy to pediatric endocrinology!

Robert M. Blizzard, M.D.
Professor and Chairman Emeritus
The University of Virginia School of Medicine
Charlottesville, Virginia, U.S.A.

As the number of pediatric endocrinologists continues to grow worldwide, so does the scope of the field. The spectrum of pediatric
endocrinology has expanded to encompass genetics, nutrition, immunology, biochemistry, and psychology. In addition, the explosive
increase in numbers of patients seen in today’s pediatric endocrine clinics reflects the heightened awareness of the role of hormones
in health and disease in children. Molecular genetic studies completed since the last edition of the book have further elucidated the
etiology of many endocrine and metabolic disorders. These new studies have been incorporated into the chapters of the fourth edition,
edited by our friend and colleague, Dr. Fima Lifshitz. New chapters have been added to this edition, while existing chapters have
been updated, creating a thorough yet succinct book.

I would like to congratulate Dr. Lifshitz who, again, has assembled the foremost specialists in all areas of pediatric endocrinology
to create this book, which has become indispensable to pediatric clinicians and researchers alike.

Maria I. New, M.D.
Weill Medical College of Cornell University
New York Presbyterian Hospital
New York, New York, U.S.A.
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Preface

The more you practice what you know, the more you know what to practice.

W. Jenkins

The fourth edition of Pediatric Endocrinology is a comprehensive book in the field designed to meet the needs of the practicing
physician, yet it is written at a level suitable for the subspecialist. The 43 chapters of this book are completely updated and the
information contained provides state-of-the-art knowledge in all areas of the specialty. There have been multiple changes in the field
since 1985 when the first edition was published. The most important advances were incorporated into the previous editions and were
brought to the clinicians in didactic, practical chapters. Each contained comprehensive discussions addressing all clinical situations
encountered in the practice of this subspecialty. The fourth edition of Pediatric Endocrinology constitutes the culmination of the
experience and accomplishments reflected in previous editions. It is a mature, seasoned book that reflects the continuous growth and
accumulated wisdom of the 63 contributors. Their knowledge is eloquently transmitted in each chapter.

As in previous editions, the book is divided into seven parts, each dealing with a major area of childhood endocrinology: ‘‘Growth
and Growth Disorders,’’ ‘‘Adrenal Disorders and Sexual Development Abnormalities,’’ ‘‘Thyroid Disorders,’’ ‘‘Disorders of Calcium
and Phosphorus Metabolism,’’ ‘‘Hypoglycemia and Diabetes Mellitus’’ and ‘‘Miscellaneous Disorders.’’ The final part includes an
updated chapter on dynamic tests used by pediatric endocrinologists, as well as one with a more complete collection of newer and
updated reference charts and tables utilized to assess patients with growth disorders and endocrine alterations. Additionally, there are
two new chapters of current interest; one on reimbursement issues with a coding supplement, and another on using the Web to obtain
information on genetic and hormone disorders. These should make it easier for the busy practitioner to care for children with pediatric
endocrine disorders. Also included are new conceptual chapters on major topics in the field not covered in previous editions, i.e.,
worrisome growth, multiple endocrine neoplasia syndromes, hyperlipoproteinemias, hypertension, and supplements to enhance athletic
performance.

Each of the 43 chapters of this book contains sufficient material to cover the topic in its entirety and impart new information to
enhance the knowledge of the practitioner and the subspecialist. It provides the reader with the most updated and pertinent information
to address questions asked in the care of patients with endocrine and endocrine-related disorders. From pathophysiology to treatment,
there is a succinct and clear description of the subject in each chapter. The book fully encompasses the daily problems seen in pediatric
endocrine practices.

The field of pediatric endocrinology has rapidly advanced and changed very significantly in many aspects, not only in medical
knowledge and the scientific basis of endocrinology. The practice of the specialty has also evolved and changed radically, together
with changes brought about by ‘‘managed health care.’’ It has changed the way we care for our patients and the way we practice our
specialty, as well as many other aspects of our practice. Not all of these changes have been positive. One of the most significant
casualties has been the transmission of the knowledge accumulated by prominent academic pediatric endocrinologists. As the editor
of this book I experienced first-hand this sad state of affairs. Since the last edition was published in 1996, the support for teaching
endeavors in many institutions has virtually vanished, and the academic pediatric endocrinologist is now an endangered species. Many
of our colleagues have moved to other areas and away from clinical academic practices, and those who stayed work on a battlefront
and have no time to invest in teaching endeavors. Those who contributed to this book did so on their own time, often against the
implicit wishes and mandates of administration. The current constraints of the health care system have also taken a toll in academic
programs. It praises productivity in other areas, not in teaching, nor in writing and transmitting knowledge through a chapter in a
book. Even secretarial support was often not available to some contributors for this activity.

Thus, I am particularly and evermore grateful to my colleagues who revised and updated their chapters, and to those who provided
new sections for this book. They all made very significant contributions, which continue to make this book a most valuable and
necessary tool for pediatricians and pediatric endocrinologists alike. I believe this edition was brought forth with much more effort
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and commitment than previous ones, and I profusely thank all the contributors; without their dedication and talent there would not be
a fourth edition. Hopefully the cycle of healthcare will continue to evolve and to move forward positively. I wish that in the future
the academic pediatric endocrinologist will be given the recognition and support that are deserved. This will allow us to devote energy
to enhancing our knowledge and passing it on to practicing physicians for the health of our children.

Fima Lifshitz, M.D.
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Worrisome Growth
Fima Lifshitz
Miami Children’s Hospital and University of Miami School of Medicine, Miami, Florida; State University of New York
Health Science Center at Brooklyn, Brooklyn, New York; Pediatric Sunshine Academics; and Sansum Medical Research
Institute, Santa Barbara, California, U.S.A.

Diego Botero
Children’s Hospital and Harvard Medical School, Boston, Massachusetts, U.S.A.

I. THE GENERAL PROBLEM

One of the primary concerns of pediatricians is the ap-
propriate growth of their patients. Parents and children
also worry about ‘‘growth’’ as evidence of good health.
Several conditions, as discussed later, may alter the
height, weight, and growth progression of a patient; these
must be diagnosed and treated. However, there are other
problems in being short, even when the body size is only
mildly affected. Indeed, any person who is below average
height (in the United States 5 feet 9 inches for men and
5 feet 5 inches for women) may also experience a number
of psychosocial difficulties. Dwarfs have these problems
to a greater degree, with various amounts of tolerance and
rejection according to the different customs and beliefs of
the locality in which they live. Recent medical research
on the subject questioned whether short stature is a hand-
icap (1) or whether this is a problem that requires growth
hormone therapy (2). Also there are issues concerning the
quality of life and the potential benefits that may be at-
tained by increasing adult height (3). There are additional
questions about the reasons for internalizing behavior
problems and/or poor social skills of short stature indi-
viduals. All these concerns challenge the justification for
extraordinary means of treating a short-stature child. It has
been postulated that growth hormone treatment in short
children is an issue beyond medicine, involving many as-
pects best resolved at present by a research approach
(4, 5).

However, there is ample evidence of prejudice in our
society towards the short person. The psychosocial prej-
udice toward the short person transcends age, gender,
race, creed, and financial status: all short people may be
victims of discrimination. This seldom mentioned form of

prejudice, like sexism or racism, is well established in this
country and may be prevalent throughout the world. It has
been called heightism. (The reader is referred to the book
The Height of Your Life, by Ralph Keyes, for a very com-
prehensive and interesting review of this problem.) This
book approaches heightism in a wry and humorous fash-
ion. It highlights facts regarding height so basic to our
relationships with others that we have ceased to think
about them. It is from this book that the following com-
ments have been extracted.

So pervasive is the bias against short people that no
one notices it—no one, that is, except the short person.
The English language illustrates this bias clearly. Feisty
is the classic example, a word normally used in tandem
with ‘‘little.’’ Distinguished, by contrast, may not be syn-
onymous with ‘‘tall’’ but rarely is used to refer to short
persons. Other very important phrases remind us regularly
of the importance of height: compare ‘‘looks up to’’ and
‘‘looks down upon.’’ The question is always; how tall are
you, instead of the neutral, what is your height? The song
‘‘Short People’’ by Randy Newman describes those be-
low-average in height who have ‘‘grubby little fingers’’
and ‘‘dirty little minds’’ with ‘‘no reason to live.’’ This
song is a spoof of bigotry with a catchy tune, yet it made
the hit parade. The composer meant it as a joke; of course,
he is 5 feet 11 inches!

Height is one of the most important traits both parties
try to match when it comes to selecting a personal rela-
tionship. In romantic matters, little men are ‘‘cut down to
size.’’ An ideal lover is never short, and at present both
genders seem to feel that in relationships the male should
be taller than the female. Even Sandy Allen, who at 7 feet
71/2 inches is certified by The Guinness Book of World
Records as the tallest woman in the world, was quoted as
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saying, ‘‘I’ve got this old-fashioned idea, I will never
marry anyone smaller than I am.’’ She never married.
Thus, the tall man seems to have all of womankind to
choose from, whereas the short man appears to be limited
to short women. Indeed, there may be more interreligious
and interracial marriages than there are couples in which
the man is shorter than the woman. The former Secretary
of State Henry Kissinger was acknowledged as a truly
unusual phenomenon because he married a taller woman.
Rewards for being tall in our society include money. Busi-
ness, it seems, is interested in short men mostly as cus-
tomers for elevator shoes. The president of the Mutual
Life Insurance Company surveyed its policyholders and
found a nearly perfect correlation between body height
and policy value. Several studies have pointed out that
taller persons earn higher salaries. Corporate recruiters
also tend to choose the taller of two equally qualified ap-
plicants. Even when he succeeds, despite the odds against
him, the short person is often accused of being a ‘‘Little
Napoleon.’’

Height is more than a mere statistic: for men it is a
measure of manhood. Height brings acknowledgment,
deference, and power. Big and strong are, from childhood,
considered nearly the same word. The dominant figures
in advertisements and legendary figures in the movies are
usually represented by tall people. Height is equated with
power to such a degree that it plays a very important role
in politics. Most US presidents have not been short; the
shortest was James Madison at 5 feet 4 inches. Only six
other presidents were slightly below the present average
height. Americans have usually favored the taller political
candidate. As a matter of fact, the taller of the two major
presidential candidates is usually sent to the White House.
There have been only four exceptions. In 1924, Calvin
Coolidge (5 feet 10 inches) defeated John Davis (5 feet
11 inches); in 1972, Richard Nixon (6 feet) defeated
George McGovern (6 feet 1 inch), in 1976 Jimmy Carter
(5 feet 6 inches) defeated Gerald Ford (6 feet 1 inch). In
the 2000 election, both candidates were over 6 feet tall,
but George W. Bush, who is slightly shorter than Al Gore,
won the election only by a Supreme Court decision, while
the popular vote went to the taller Mr. Gore by a sub-
stantial margin. In this, as in most presidential elections,
the American public voted by the inch. However, this
form of prejudice may also transcend the United States.
For the first time in the history of Mexico, the very tall
opposition candidate Mr. Vicente Fox defeated the official
shorter presidential candidate of the PRI Party in the 2000
election. This was a very unusual accomplishment since
the PRI party had held power consecutively for over 75
years.

Although human esthetics and social tastes clearly fa-
vor tallness, nature shows no such preference. Anthropol-
ogists estimate that, for most of history, natural selection
kept adult male heights within a range below our current
averages. Supporting the natural selection process, infants’
skeletons, which are abundant in old graveyards, are

rather tall; in fact their length is comparable to our present
norms. Some experts think that these two phenomena are
related. It seems that environmental problems were more
detrimental to youngsters destined to be large, and only
those destined to be small survived the rigors of malnu-
trition and disease. Ashley Montagu, in Human Evolution,
wrote: ‘‘At least in part the recent increase in overall size
visible in the modern adult population is due to the fact
that improved standards of food and medical care have
allowed genetic combinations to survive which would
have been selected against in ages past.’’

II. THE MEDICAL PROBLEM

Pediatricians are often consulted by parents worried about
short stature in their children. This term needs definition.
‘‘Short stature’’ has been defined as height below the third
percentile; therefore, 3% of normal children would be
classified as being short. ‘‘Dwarfism,’’ the severe form of
short stature, is defined as height below 3 standard devi-
ations (SD) from the mean. The population selected for
reference is important when judgments are made about
the shortness of an individual. A number of different ref-
erence charts have been used in this country in recent
decades, each varying somewhat from others because of
the representative population from whom the data were
derived (e.g., predominantly rural children from Iowa vs.
Boston city children). A revision of the 1977 National
Child Health Survey growth percentile was recently com-
pleted and was published in May 2000 by the Center for
Disease Control and Prevention (CDC) (www.cdc.gov/
growthcharts). These growth charts are included in the
chapter of Reference Charts in this book (Chapter 43).
These new charts are recommended for use as an en-
hanced instrument to evaluate the size and growth of chil-
dren (6).

These charts are based on more up-to-date improved
data gathered from the National Health Examination Sur-
veys (NHANES I, II, and III) with five supplementary
data sources. They feature several noteworthy items in-
cluding the inclusion of 3rd and 97th percentiles. In ad-
dition, these charts contain data extending to 20 years of
age, and they better represent the current growth patterns
of the population. One other important contribution is that
there is better continuity between 2–3 years and the >2
years growth in the charts. The new 2000 CDC percentiles
have been adjusted slightly to account for the fact that
recumbent length should be greater than the stated differ-
ences of 0.8 cm in the national surveys. Another signifi-
cant consequence of updating the data is that the new
percentiles of the CDC tend to be a bit higher for weight
from 0 to 2 years. The 2000 growth charts also include
body mass index (BMI) values of years 2 and older.

Although these growth charts constitute an important
advancement over the previous charts used (1977 NCHS
percentiles), they are not ideal for use in all infants and
children. In particular they may misdiagnose the normalcy
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of growth in some young children as discussed below,
including constitutional short stature or breastfed babies.
These growth charts show average growth patterns of
height and weight gain during specific periods in life (i.e.,
adolescent growth spurt). These percentile charts were
based on cross-sectional data that effectively average
growth across different periods. In individual patients the
developmental stage of puberty will therefore make the
pattern of growth vary in accordance with it, and that is
not shown in the charts. In theory, useful supplementary
growth charts for the pubertal periods are available, but
these data were derived from nonrepresentative samples
recorded a long time ago. Another concern with the CDC
2000 graphs is that it is hard to visualize the metric num-
bers in the axis, and the grids are not easy to follow.
Therefore in this book we have published an improved
version of those graphs. (See Chapter 43 for Reference
Charts).

A program for monitoring the growth of children has
been prepared by the Eurogrowth Study Group (www.
eurogrowth.org). This is excellent for individually track-
ing the physical growth of children from birth to 36
months of age (7). It allows the monitoring and the plot-
ting of individual growth data, calculates growth velocity,
provides body mass index centiles, measures influences of
breastfeeding on growth, modifies growth by midparental
height, corrects growth for gestational age of premature
infants, calculates Z scores, and offers multilingual access
(8–11). It is a highly recommended tool to assess growth
in children up to 36 months of age.

Pediatricians know that most children with mild short
stature eventually become average-sized adults; however,
some children have serious growth disturbances that may
prevent them from reaching normal adult size. The New-
castle study in England (12) supported the need for an
explanation of the cause of short stature in all children
whose height falls below the third percentile. Almost half
of the 5000 infants born in Newcastle in 1960 were mea-
sured for height at age 10. The height of 111 children fell
below the third percentile: 16 were found to have a pre-
viously unsuspected organic disease as a cause of short
stature. These findings demonstrate that it is unusual for
a ‘‘normal’’ child to have a height below the third per-
centile, although most of these children may be healthy.
However, it may also be inferred that in 10–15% of chil-
dren who are short, a pathological condition may be found
to account for the short stature. Therefore, the cause of
short stature should always be investigated in all children
whose height is below the 3rd percentile and more im-
portantly in those who fail to grow at appropriate growth
rates.

Growth-related disorders are also the most frequent
problems encountered by pediatric endocrinologists. Pe-
diatricians often seek consultation to help in the diagnosis
and management of children with growth disturbances and
these children are referred to pediatric endocrinologists.
Even in a pediatric endocrine referral center, a large pro-

portion of patients with short stature are usually healthy
children. At times children are referred for short stature
although they are of normal height. This may be because
of either poor, inaccurate measurements, or because of the
need of a pediatric endocrinologist to reassure a patient
or family when a child is growing in the lower end of the
normal range. A pathological condition accounted for poor
growth and/or short stature in about one-third of the short-
stature patients seen in a tertiary referral center (13).

Ill. DIAGNOSIS OF SHORT STATURE

In most instances of short stature a diagnosis is usually
made, although in some patients the cause of short stature
may defy the differential diagnosis of numerous experts.
The different causes of short stature in children are listed
in Table 1. This classification differentiates most forms of
short stature into two main categories: short patients who
are normal and short patients who have an abnormality
that produces the short stature and poor growth. These
basic concepts should be considered in the diagnosis of
all short patients. That is, one must differentiate between
the short child who is healthy and growing normally from
those who are sick and not growing well. This is most
important, since a clinician must determine if a short child
is subject to a pathological cause, which must be diag-
nosed to provide adequate treatment, from one who may
only need reassurance without a major work-up. Each of
these two possible categories of short stature denotes not
only the cause but also the pathophysiological process in-
volved and the prognosis for final adult height. The spe-
cific applicable situation should be recognized by the phy-
sician before subjecting the patient to expensive and
complicated investigations.

Other classifications to determine the different cate-
gories of short patients have been used by pediatric en-
docrinologists. For example, familial or genetic short stat-
ure was referred to as ‘‘intrinsic shortness.’’ Constitutional
growth delay was called ‘‘delayed growth,’’ and all other
disorders resulting in poor growth were called ‘‘attenuated
growth’’ and/or ‘‘normal variance short stature’’ (14).
Other authors have used the term ‘‘idiopathic short stat-
ure’’ to describe short individuals who are growing poorly,
who have no demonstrable functional abnormality in
growth hormone secretion, and whose parents are normal
in height (15). Idiopathic short stature often implies a con-
tinuum of growth hormone insufficiency, not clearly
demonstrable by the classic biochemical criteria (Chapters
2, 3 and 41). However, these terms to classify short pa-
tients are unnecessary because the two categories pro-
posed above are inclusive and sufficient to understand and
clarify growth problems.

A specific diagnosis can usually be made to define
the patient’s condition by appropriate observations. These
include accurate measurements over time and specific
comprehensive testing when the usual laboratory data do
not define the diagnosis.
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Table 1 Causes of Short Stature

Normal
Constitutional growth delay
Genetic-familial short stature
Constitutional growth delay and familial short stature

Pathological
Nutritional

Hypocaloric
Chronic inflammatory bowel disease
Malabsorption
Celiac disease
Zinc deficiency

Endocrine
Hypothyroidism
Isolated growth hormone deficiency
Hypopituitarism
Excess cortisol
Precocious puberty

Chromosome defects
Turner syndrome
Down syndrome

Low birth weight short stature (intrauterine growth
retardation)

Sporadic
Characteristic appearance

Russell-Silver syndrome
De Lange syndrome
Seckel bird-headed dwarfism
Dubowitz syndrome
Bloom syndrome
Johanson-Blizzard syndrome

Bone development disorders
Achondroplasia
Chondrodystrophies
Other skeletal disorders

Metabolic
Mucopolysaccharidosis
Other storage disorders

Chronic disease
Chronic renal disease
Chronic liver disease
Congenital heart disease
Pulmonary (cystic fibrosis, bronchial asthma)
Poorly controlled diabetes mellitus
Chronic infections (including human

immunodeficiency virus infection)
Associated with birth defects or mental retardation

Specific syndromes
Nonspecific defects

Psychosocial
Chronic drug intake

Glucocorticoids
High-dosage estrogens
High-dosage androgens
Methyphenidate
Dextroamphetamine

Pediatric endocrinologists believe that short stature
by itself may not be of concern for the individual, if he
or she is healthy. However, there is ample evidence that
height may play a role in the risk for adult-onset disease.
For example, in large population studies it was found that
short stature raises the risk for coronary heart disease. The
Physician Health Study (16), the Framingham Study (17),
and the Royal Canadian Health Force Study (18) showed
that the size of the individual was important as a risk
factor for myocardial infarction in adults. Although the
mechanisms for the increased risk were not elucidated,
they may be related to the size of the coronary arteries,
which would be expected to be smaller in shorter individ-
uals. Thus, they would be more prone to be blocked by
atherosclerotic plaque than in taller adults who would
have larger arteries.

IV. GROWTH PATTERNS

A. Growth Progression

The most important tool to assess growth problems in a
short child is to evaluate the pattern of growth. Growth is
a continuous process that starts at conception and ends
with fusion of the epiphysis after pubertal development is
completed. At any time during this process there may be
variations or alterations in growth progression. These can
only be identified with accurate measurements over time.
Unfortunately, the most frequent method of measuring
height, using a flip-up horizontal bar on a weighing scale,
is subject to great errors caused by the child’s slumping
posture and considerable variation in the angle of the hor-
izontal bar. Children should be measured standing upright
and fully extended against a wall or firm vertical structure
to which a properly mounted, accurate measuring device
is attached. A steel tape measure, properly affixed to the
wall, serves this purpose well and economically. The child
stands shoeless, heels down, as erect as possible, and with
the head directly forward. The back of the head, chest,
gluteal area, and heels should touch the vertical surface.
A firm object (e.g., a carpenter’s angle) is then placed at
a right angle over the top of the head and against the wall
above the head. A Harpenden stadiometer (Holtain Lim-
ited, Crymych, Dyfed, UK), which determines height ac-
curately (within 0.25 cm) is the most sophisticated instru-
ment (19). However other devices are less expensive and/
or are comparable in accuracy to the more expensive
Harpenden stadiometer (20).

Thus previous height and weight data are useful and
very important in the assessment, if these measurements
are accurate. The data must be plotted on standard growth
charts to evaluate the pattern of growth. A normal pattern
of growth may be defined as a pattern of progression of
height and weight compatible with established standards
for age, and that is appropriate for the genetic potential
of the individual. It should also be appropriate for the
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Figure 1 The growth patterns of three patients with short
stature and one patient with pathological growth disorder
who nevertheless was of normal height. The patient with
pathological short stature received treatment at age 17 and
attained catch-up growth. (From Ref. 13.)

various growth patterns of specific patients, stages of de-
velopment, racial groups and population types (19–28)
(Chapter 43).

On the other hand, pathological growth should always
be considered in children who do not grow well regardless
of height (Fig. 1). Any child who falls behind in growth
across major percentiles in the chart should be evaluated,
even when the height is not below the 3rd percentile (29).
It must be kept in mind that growth is not continuously
linear, but instead occurs in steps between saltation and
stasis (30). Therefore, growth progression over a long pe-
riod of time is more informative than extrapolations based
on shorter periods of time. The growth rate varies accord-
ing to the seasons, generally being fastest in the spring
and summer. The growth rate in the fastest 3-month period
is two to three times higher, but could be up to seven
times the height increment during the slowest growth pe-
riod in the other months (31, 32). Therefore, growth pro-
gression should be evaluated over a period of at least 6
months to 1 year (15). In addition, there is a great vari-
ation in the growth at different stages of life. In the first
year of life, linear growth is very fast: a total of approx-
imately 25 cm is gained. However, the rate of growth
declines rapidly over the first year, from 38 cm/year in

the first 2 months to 28 cm/year at 4 months of age and
12 cm/year at 1 year of age (33). In the second year of
life it is 10 cm/year, in the third through fourth years 7
cm/year, and in the fifth through sixth years 6 cm/year.
From then on to puberty it is 5 cm/year (31, 32). Guide-
lines for abnormal growth rates adjusted for chronological
age are as follows: fewer than 7 cm/year under age 4
years, fewer than 6 cm before age 6, and fewer than 4.5
cm from 6 years until puberty. At this stage growth ac-
celeration ensues. Pubertal growth spurt occurs during
early puberty and before menarche in girls (Tanner stages
II–III), during which time they grow at a mean velocity
of 10.3 cm per year. The pubertal growth period is longer
in boys than in girls. The growth data of each patient must
be plotted on the appropriate chart for that particular child.
As mentioned above, new standards for the general pop-
ulation have been established and the recent CDC growth
charts are recommended for use (5). In addition, growth
velocity charts may be helpful because these take into
account different stages of growth such as pubertal growth
spurt. As mentioned above, the Eurogrowth Program is an
excellent tool for use in infants up to 36 months of age,
as it considers most variables that may influence growth
progression at this stage in life (7–11).

However, monitoring weight gain in short-stature pa-
tients is as important as following the height progression.
Changes in weight progression may precede alterations in
height increments in certain conditions such as nutritional
dwarfing and obesity (34–37). Therefore, monitoring
height alone does not provide sufficient information to
assess a growth pattern, as discussed in the section of
nutritional growth retardation. Accurate weight measure-
ments should be made on a regular hospital weighing
scale. An infant should be stripped of clothes and diapers,
and older children should wear a hospital gown or light
clothing. These measures minimize inaccuracies resulting
from variability in clothing weight, which varies with sea-
son. Adherence to these rules is important if we are to
take note of changes in weight over time.

B. Genetic Potential

The genetic potential of the child should be considered in
the evaluation of the present growth pattern. Any devia-
tion from the expected height for the family should be
worrisome (38). For this purpose, formulas and standards
for target height for the family and predicted adult height
have been developed. The following formulas provide an
easy way of estimating the target height:

For males: (mother’s height � 13 cm

� father’s height) divided by 2

For females: (father’s height � 13 cm

� mother’s height) divided by 2

This formula provides the midparental height �2 SD
(1 SD would be equivalent of about 5 cm). However, It
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Figure 2 The Tanner standards for height of girls and boys
from 2 to 9 years in relation to parents’ height. (From Ref.
48.)

is important to remember that the parents’ heights should
be measured and not guessed.

The target height obtained by this method is then ap-
plied to the 20-year line of the gender-appropriate growth
chart. The projected height is determined by extrapolating
the child’s growth along his or her own channel. If the
projected final height is within 5 cm of target or midpar-
ental height, the child’s height is appropriate for the fam-
ily. On the other hand, if the difference between the target
and the projected height is more than 5 cm, a pathological
cause should be considered.

A simple way of evaluating whether a child is within
the normal limits of height for the family is to compare
the stature of the patient with the midparental height in
charts developed specially to assess the correlation coef-
ficient of these variables (38) (Fig. 2). This correlation
coefficient changes little between ages 2 and 9 years. For
this norm, a simple chart plotting the age in relation to
parents’ heights can be constructed with the usual percen-
tile for the family stature. Figure 2 depicts charts of three
patients with different diagnoses. Patient A’s height falls
on the third percentile, and his parents’ heights midpar-

ental have an average of 157 cm. The position of this
patient’s stature in the chart is between the 10th and 25th
percentiles. Thus, for the population at large, this patient
would be small, but he would be appropriate for his im-
mediate family. Therefore, this patient may have familial
short stature. In contrast, patient B, who has the same
height as patient A, has parents of average height (mid-
parental height 167 cm). This means that patient B is ac-
tually very short for the family and requires further work-
up. Patient C is a more extreme case: his parents are
actually tall. Although this patient’s height is equal to that
of the other two patients, his stature falls more than 3 SD
from the family norm.

In addition to the projected target height, the pre-
dicted adult height should also be considered in the eval-
uation of the short child. There are three popular methods
of calculating a child’s predicted adult height. These are
based on the fact that in a normal individual, there is a
direct correlation between the degree of skeletal matura-
tion and the time of epiphyseal closure, which is the event
that ends skeletal growth. Predictions of ultimate height
consider the fact that the more delayed the bone age is
for the chronological age, the longer the time before
epiphyseal fusion ends further growth. However, predic-
tions of ultimate adult height are not totally accurate and
are of limited value in children with growth disorders,
since the predictions vary if children do not grow at nor-
mal rates. The data also may not be accurate for short
patients from very short parents’ (39). It has been shown
that children from very short parents may end up taller in
adult stature, and their target height and their predicted
height may be underestimated.

The Bayley-Pinneau method is the most commonly
used method to assess the predicted height (40). This
method is based on the postulate that skeletal age at the
time of the radiograph study correlates well with the pro-
portion of adult height that the child will achieve. This
correlation is more accurate after 9 years of age. The Tan-
ner-Whitehouse (TW) method utilizes TW standards for
the assessment of the bone age (41). In addition to bone
age, this method takes into consideration actual height,
chronological age, parental heights, and, in girls, the oc-
currence of menarche. The third method used in predict-
ing adult height is the Roche-Wainer-Thissen (RWT)
method. This method gives attention to the weight or nu-
tritional status of the child (42). Additionally, recumbent
length is used instead of standing height. The five predic-
tor variables in this method are recumbent length, weight,
bone age, chronological age, and parental heights.

One of the main sources of inaccuracy of adult height
prediction is the inaccuracy of the bone age estimation. A
small difference in bone age determination can lead to a
great difference in height prediction, especially during the
pubertal growth spurt (43). Comparability studies of the
various methods of adult height prediction suggest that
the RWT method is the most accurate, but it involves the
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greatest amount of calculation. Its inaccuracy increases
with age, and it therefore should not be used when more
than half of the bones are adult (42, 43). In general, height
prediction methods differ with respect to their accuracy
and their tendency to overestimate or underestimate adult
height (43). However, height prediction, as such, is useful
only in children with normal growth rates and has limited
usefulness in children who are not growing at normal
rates. The calculation of target height for the family and
the predicted adult height (by all three methods) can be
done by computer programs developed for this purpose
(ARC Software). Currently several manufacturers of
growth hormone provide software at no cost to the clini-
cian with which to follow patients with growth problems
and the means to assess the information needed for a pre-
cise diagnosis.

C. Bone Maturation

In order to assess properly the predicted adult height, ac-
curate bone maturation patterns are necessary. The two
most commonly used methods of assessing the maturation
or skeletal age are the Greutich and Pyle (G–P) (44) and
the Tanner-Whitehouse (TW2) methods (41). The former
method utilizes standards derived from US children living
in Cleveland; the latter was derived from British children
(45). The G–P method of assessing bone age is usually
done by comparing an x-ray film of the frontal view of
the left hand and wrist with given standards of the G–P
atlas. The TW2 method is always done by assigning
scores to each of the 20 hand bones, including the radius,
ulna, carpals, metacarpals, and phalanges, depending on
their stage of maturation. The total score determines the
bone age. The advantage of the TW2 method over the
G–P method is that it appears to be more objective. More-
over, it can differentiate bone age up to one-tenth of a
year, whereas the G–P method gives only a rough ap-
proximation, with intervals of 6–12 months between the
standards. Thus, the TW2 method is more sensitive in
following small changes in bone age, but it is more time-
consuming and few clinicians used it.

Studies comparing the two methods of bone age de-
termination in the same ethnic population among children
aged 2–24 years suggest that the median G–P skeletal
ages were markedly greater than the corresponding chron-
ological ages, particularly from 6 to 9 years in boys, and
from 4 to 8 years in girls (45). The differences between
these scales could be a result of real differences in the
rates of skeletal maturation in the different populations.
Studies were also done to determine whether there are
significant differences among methods of evaluating skel-
etal age in relation to the group of bones studied. The
results showed that when bone age is assessed by exam-
ining all the bones, but excluding the carpals, there is a
high correlation with the bone age detected by measuring
the maturation of all bones, including the carpals (45).

The bone maturation pattern is also helpful in differ-
entiating the type of short stature. The bone growth in
children with constitutionally delayed growth is slightly
retarded (2, or at the most, 3 years), and it is usually
proportional to height. When adolescence begins and the
growth spurt occurs, the bone age increases proportionally
to height. The bone age in patients with familial or genetic
short stature is seldom retarded more than 1 year com-
pared with chronological age, and it usually follows a nor-
mal maturation pattern. In contrast, there may be a marked
bone age delay in children with pathological short stature,
such as hypothyroidism, growth hormone deficiency, or
chronic disease. The bone age may be even further behind
than that expected for height. A short adolescent with sex-
ual infantilism and a bone age maturation delay greater
than 3 years is more likely to have pathological short stat-
ure, such as that caused by hypopituitarism or hypothy-
roidism. The degree of the delay may also reflect the
length of time the patient has had the disease.

D. Body Proportions

Aside from body weight, height, and bone progression,
attention must be given to the changes in body proportions
during growth (46). The skeleton does not grow in a com-
pletely proportional manner. At birth, the upper to lower
body ratio is 1.7. As the legs grow, the ratio becomes 1.0
by 10 years of age. If growth plates close early, as in
precocious puberty, the proportions are those of a child,
with short limbs compared with the trunk. On the other
hand, if growth is prolonged as in hypogonadism, the
limbs are longer compared with the trunk (47). Various
types of tubular bone alterations are often found among
short patients (48). These categorize patients into specific
diagnostic groups and potential treatments. Thus, aside
from accurate measurement of height, weight, and target
and predicted height, every child who presents with a
growth problem should be evaluated for disproportionate
limb or trunk shortening. This information helps to narrow
the differential diagnosis, including ruling out skeletal
dysplasia. A detailed anthropometric evaluation of a
child’s body segments is indispensable.

The arm span should be measured with the patient
standing against a flat wall, the arms stretched out as far
as possible to create a 90 degree angle with the torso. The
distance between the distal ends of both middle phalanges
is measured to determine the arm span. Normally, the arm
span is shorter than the height in boys under the age of
10–11 years and in girls under 11–14 years, after which
the arm span becomes longer than the height. The average
adult male has an arm span about 5.3 cm greater than his
height, and the adult female has an arm span 1.2 cm
greater than her height (Chapter 43). Conditions that ad-
versely affect the vertebrae may result in growth retar-
dation and disproportionately long arms. Children with
arm spans that are disproportionately longer than their
heights should also be evaluated for scoliosis.
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Figure 3 Measurement of shoulder-to-elbow length (SE) and elbow-to-end-of-third metacarpal length (EMC) is shown using
an anthropometer. SE is the distance between the shoulder and the tip of the elbow, whereas EMC is the distance between the
tip of the elbow and the distal end of the third metacarpal on a closed fist. (From Ref. 48.)

Determination of the upper and lower body segment
is also essential because skeletal dysplasias that result in
growth problems are usually characterized by dispropor-
tionate shortening of the lower limbs or spine (Chapter
4). This can be done by measuring the distance between
the upper border of the symphysis pubis and the floor in
a patient who is standing against a flat wall in the proper
position for height measurement. This measurement is dif-
ficult to obtain accurately, because the superior border of
the symphysis pubis is not easy to locate and palpate,
particularly in some obese patients. Preferably, the sitting
height can be measured to represent the upper segment,
using a Harpenden sitting table (Holtain Ltd.). The patient
is asked to sit on the table with the back of the knees
touching the table edge. The vertical unit is then moved
close to the patient’s back and the patient positioned so
that the entire back, including the back of the head,
touches the vertical surface. The sitting height is indicated
by a counter, and the sitting height to standing height
ratio, or relative sitting height, is calculated and multiplied
by 100. The normal absolute and relative sitting heights
of the different ages and sexes are listed in chapter on
Reference Charts (Chaper 43). Conditions that cause dis-
proportionate limb shortening include achondroplasia, hy-
pochondroplasia, and Turner syndrome. On the other
hand, the trunk height may be disproportionally shorter
than the limbs in scoliosis or in spondyloepiphyseal dys-
plasia (Chapter 4).

The determination of rhizomelia should be made by
accurate measurements of the proximal and distal seg-
ments of the limbs. This is important to assess for skeletal
dysplasias, some of which may present clinically as short
stature, without any other associated feature, such as mild

hypochondroplasia or short-limbed short stature of genetic
or familial nature (48). Disproportion between the upper
arm and forearm length may be determined by measuring
the shoulder-to-elbow (SE) length and the elbow-to-meta-
carpal length (EMC; Fig. 3) using an anthropometer. For
SE length, the blades of the anthropometer are positioned
from the midshoulder to the distal end of the humerus,
with the elbow at a 90 degree angle and the upper arm
next to the lateral side of the chest. To obtain the EMC
length, the blades are positioned from the tip of the elbow
to the distal end of the third metacarpal of the closed hand.
Normally, the SE/EMC ratio is about unity. Rhizomelia is
present if this ratio is lower than 0.98 (48). The presence
of shortening of specific bones may likewise lead to the
diagnosis of certain syndromes, such as type E brachy-
dactyly (49), Turner syndrome (50), or pseudopseudohy-
poparathyroidism (51). These patients may be seen by the
physician because of short stature and must be differen-
tiated from those with familial genetic and short stature
in whom metacarpal bone shortening and other tubular
bone shortenings are very prevalent (48, 52).

To detect metacarpal shortening, a ruler is placed in
front of the patient’s fist. In most of the normal population
the three knuckles of the third, fourth, and fifth fingers
touch the ruler simultaneously. In brachymetacarpia V,
however, there is a gap of 2 mm or more between the
fifth knuckle and the edge of the ruler, as shown in Figure
4. This clinical observation has been confirmed radiolog-
ically (52). In patients with Turner syndrome and pseu-
dopseudohypoparathyroidism, fourth metacarpal shorten-
ing is frequent. This can be detected radiologically and
clinically in a manner similar to that used to detect fifth
metacarpal bone shortening (50, 51). There is a gap be-
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Figure 4 A straight ruler is applied against the distal ends 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 than 2 mm. (From Ref. 52.)

tween the fourth knuckle and the edge of the ruler, which
touches the third and fifth knuckles simultaneously. Stan-
dards at various ages for all body parts have been estab-
lished (46), and the handbook of auxological measure-
ments should be a part of every physician’s reference
library to help in the evaluation of growth problems and
other syndromes.

Recently the so-called SHOX gene was located in the
short arm of the sex chromosome. This acronym stands
for short stature homebox and defines a deficiency of
one copy of the SHOX gene (53). It is believed to be the
cause of some forms of short stature, including Turner
syndrome (54) and Leri Weill syndrome (55). It is be-
lieved to play a significant role in growth problems with
disproportionate short limbs and tubular bones alterations,
particularly in patients with Madelung deformity (i.e.,
shortening and bowing of the radius with dosral sublux-
ation of the distal ulna, and partial foreleg anomalies)
(53). It remains to be established whether SHOX plays a
role in other more common forms of short stature, such
as children with brachymetacarpia or milder forms of rhi-

zomelia. This test is now available for clinicians (www.
esoterix.com).

E. Physical and Dental Examinations

Aside from obtaining accurate anthropometric measure-
ments, a detailed physical examination may help to elu-
cidate the cause of short stature or growth failure. Specific
stigmata are present in common dysmorphology syn-
dromes, such as Russell–Silver syndrome, Williams syn-
drome, Turner syndrome, and Prader-Willi syndrome (49).
Signs of chronic illness should be looked for, such as pal-
lor, dry skin, abnormal hair texture, splenomegaly, enamel
hypoplasia, or dental caries. An important part of the
physical examination that may provide insight into a
child’s maturational development is evaluation of dental
age. Tables 2 and 3 list the ages at which primary and
secondary teeth are expected to erupt (56). Remember that
there are wide variations in the time of eruption, which
may be affected by local and environmental factors, such
as the size of the jaw, position of the unerupted teeth, and
premature loss of deciduous teeth (57).
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Table 2 Average Age at
Eruption of Primary Teeth

Tooth Age (months)

Central incisor 6–9
Lateral incisor 7–10
Canine 16–20
First molar 12–16
Second molar 20–30

Table 3 Average Age at Eruption
of Secondary Teeth

Tooth Age (years)

Maxilla
Central incisor 7–8
Lateral incisor 8–9
Canine 11–12
First premolar 10–11
Second premolar 10–12
First molar 6–7
Second molar 12–13
Third molar 17–25

Mandible
Central incisor
Lateral incisor
Canine
First premolar
Second premolar
First molar
Second molar
Third molar

6–7
7–8
9–11

10–12
11–12
6–7

11–13
17–25

Children with growth hormone deficiency or un-
treated hypothyroidism usually have a significantly de-
layed dentition or abnormal teeth (i.e., hypodontia, usually
of the upper incisors), potentially associated with the epi-
dermal growth factor gene on chromosome 4 (58–59).
Mild delays in dental progress may occur in constitutional
delay of growth and development.

V. CONSTITUTIONAL GROWTH DELAY

The most common cause of short stature and sexual in-
fantilism in the adolescent is constitutionally delayed
growth and sexual development. This diagnosis consti-
tutes a large proportion of the growth disorders seen by
pediatric endocrinologists. The total incidence in the pop-
ulation may even be higher, because pediatricians usually
do not refer these patients to an endocrinologist. This en-
tity is characterized by short stature as a variant of normal
growth. These patients are the typical ‘‘slow growers’’ and

‘‘late bloomers,’’ with a familial prevalence. Often it is
recognized long before adolescence, when sexual devel-
opment is not yet a concern. The child with constitutional
delay of growth and development typically is character-
ized by a deceleration of growth occurring during the first
2 years of life, followed by normal growth progression
paralleling a lower percentile curve throughout the rest of
the prepubertal years, until a late catch-up growth or
growth spurt occurs in adolescence (Fig. 5). Fathers usu-
ally report a similar pattern of growth and delayed pu-
berty. Patients with constitutional growth delay usually
follow a familial pattern of growth; growth delay is itself
inherited from multiple genes from both sides of the fam-
ily. There may be no short stature in the family, but there
may be similar growth patterns. Usually it occurs in boys,
only occasionally in girls. The diagnosis of constitutional
growth delay in girls should be made only after eliminat-
ing other possibilities of pathological growth patterns
(60).

In a longitudinal study it was clearly shown that
growth progression in patients with constitutional growth
delay slows within the first 3–6 months of life (61). Both
height and weight gain decelerate, and infants destined to
have constitutional growth delay downcross percentiles
until age 2–3 years (62). Thereafter, they grow at a nor-
mal rate until adolescence. This type of recanalization of
growth is also seen in infants with familial short stature
(see below). However, body weight progression differs
between the two types of infants. In patients with consti-
tutional growth delay, body weight gain slows, whereas
in those with familial short stature it does not. Thus, pa-
tients with constitutional growth delay appear to fail to
thrive with body weight deficits for length, whereas in-
fants with familial short stature maintain a normal, or even
an excess, body weight for length. These growth patterns
are maintained throughout childhood, but before puberty
patients with constitutional growth delay patients exhibit
body weight gain and recover the body weight deficits for
height before exhibiting sexual development (62). These
data suggest that in constitutional growth delay there may
be an association with suboptimal nutrition at the time that
weight progression decreases in infancy.

Of interest is that in developing countries suboptimal
nutrition was shown to produce a growth pattern similar
to that of constitutional growth delay (63). In children
with growth failure due to primary malnutrition, when the
nutritional intake improved, growth resumed at a lower
percentile, as in patients with constitutional growth delay.
Once there was downregulation of the growth, the patients
canalized their growth at a lower level than that before
the nutritional insult. A similar pattern of growth retar-
dation may be induced in experiments with rats subjected
to suboptimal nutrition. When given a low-protein diet
they ceased growing. When a normal dietary intake was
provided they resumed growth at an appropriate rate, but
in a lower percentile (64). In these rats there were long-
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Figure 5 Constitutional growth retardation. Left: Note the readjustment of the growth channel and weight percentile in early
infancy. Right: Note the progression of height and weight below, but parallel to, the lower percentile. Body weight deficits for
height are evident. There is delayed pubertal growth spurt eventually leading to normal predicted adult stature, which is in
range for the target height. (From Lifshitz F, Tarim O, Worrisome growth patterns in children. Int Pediatr 1994; 9:181–188.)

term alternations in growth hormone and insulin secretion
after the temporary dietary protein restriction in early life.
These alterations in the neurosecretory axis, together with
subnormal insulin secretion, likely correlated to the lack
of catch-up growth. These data suggest that the down-
regulation of growth in the early life of patients with con-
stitutional growth delay may also be nutritionally related,
although it is not clear why these infants would ingest
insufficient nutrients for growth at this stage of life. These
patients appear to have failure to thrive, and the differ-
ential diagnosis may be difficult while the recanalization
of growth is taking place.

Patients with constitutional growth delay may also
show an apparent deviation from the normal curve some-
time between 10 and 14 years. However, this may repre-
sent merely the difference between the prepubertal child
with constitutional delay of growth and development and
the average child already having a pubertal growth spurt.
There is also a 2–4 year delay in skeletal maturation,
retarded sexual development, and a 60–90% incidence of
a familial history of delayed growth and pubertal devel-
opment (65). The mechanism of this phenomenon is still
unclear. Some investigators consider it the result of a tran-

sient or partial growth hormone deficiency (66–68). Other
groups believe that it is the result of permanently dimin-
ished growth hormone secretion during sleep (69) or mod-
ifications in the region of the IGF-I gene (70). Some in-
vestigators think that the growth hormone alterations in
these patients are caused by a deficiency of testosterone
or estrogen, which are known to stimulate the production
and secretion of growth hormone (71). In most patients
with constitutional growth delay, however, there are no
abnormalities in growth hormone secretion, nor are there
any other detectable endocrine alterations (72). However,
some authors believe that there may be a partial growth
hormone insensitivity (73).

Although children with constitutional delay attain a
normal height during adulthood, they generally end up
along the lower end of the normal height for their family
(74, 75). Studies have shown that in boys with untreated
constitutional delay in growth and puberty, there was no
significant difference between final and predicted adult
height, but there was a significant difference between final
height and measured midparental height. Thus, although
these boys reach their predicted height, they were short
for their families (74, 76). This is probably the result of
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the lower peak height velocity attained by later maturers
than normal or early maturers (77). Other factors may play
a role: for example, the selection for presentation to the
clinic probably accounts for the finding that children with
constitutional growth delay do not, on the average, attain
the average percentile of their parents as expected (74).
This may indicate that only the smallest of the sibships
come to the attention of the physician (65). Also, this
could be due to the possible effects of suboptimal nutri-
tion (62) on the ultimate height and bone development.
Based on various data available, it can be concluded that
a child with constitutional delay of growth and puberty
with a target or predicted height of 3 SD below the pop-
ulation mean is unlikely to reach the normal adult range
of height (75, 78).

Most patients with constitutional growth delay are
also short for genetic reasons. Children who have this type
of short stature and who come to the attention of the pe-
diatric endocrinologist have both constitutional growth de-
lay and familial short stature. If a child is destined to be
an average-sized adult (50th percentile) but has a 2 year
delay as a child, at age 10 he or she is at the population
fifth percentile. At 14 years, he is 5 cm below the general
population’s fifth percentile. Such patients may not come
to the attention of the pediatric endocrinologist, especially
because one or both of the parents may remember that he
or she was a late bloomer and realize what is happening.
On the other hand, if a patient is destined to reach only
the 10th percentile as an adult and is 2 years late as a
child, then at age 14 he would be about 2–3 cm below
the third percentile, that is, more than 2 SD below the
mean, and therefore likely to be referred for an endocri-
nological work-up. The typical boy with this syndrome is
otherwise healthy, 10 years of age, and with the height
and bone age of an average 8 year old. At the age of 12
(2 years later), height age and bone age are appropriate
for age 10 years. Linear and skeletal growth remain con-
sistent, but delayed, until his adolescent growth spurt
takes place and secondary sexual characteristics appear.
This condition is often difficult to diagnose when the pa-
tient is first seen unless measurements at various earlier
ages are available, and follow-up height increments are
assessed. The main concern with these patients is the psy-
chological aspect of both the short stature and the lack of
secondary sexual characteristics. In severe cases there may
be a defective self-image and social withdrawal.

Treatment of patients with constitutional growth de-
lay with or without familial short stature is controversial.
The practicing physician is now under mounting pressure
to prescribe human growth hormone (hGH) for short chil-
dren who are not deficient in this hormone. The medical
literature contains reports of improved growth with this
treatment in ‘‘normal short children’’ who are experienc-
ing a variety of combinations of constitutional delay and
familial short stature (14, 79). To date, there is no definite
evidence that even when such children transiently respond
with improved growth rates with growth hormone treat-

ment, or any growth-promoting agent for that matter, there
will be a permanent beneficial effect on ultimate stature.
Papers published in recent literature on this subject dem-
onstrate that there may be a mild improvement of the adult
height of these patients (80, 81).

A randomized trial of growth hormone in short–nor-
mal girls clearly showed that those treated with growth
hormone for up to 10 years attained an ultimate height of
5–10 cm above that of those who did not receive this
medication (82). These data are important as the clinician
now has information to base a clinical decision regarding
the potential benefits of treatment. The potential gain of
a few centimeters in height has to be considered with re-
gard to the long-term treatment necessary to induce the
extra height, potential side effects, and cost. For a com-
plete review of the subject of growth hormone treatment
of short children, the reader is referred to Chapter 3 on
growth hormone treatment.

Although puberty eventually occurs spontaneously,
treatment with testosterone in boys for a limited duration
is recommended primarily for amelioration of the psycho-
logical problems associated with delayed puberty (83).
However, treatment is recommended only if the bone age
is greater than 12 years. Before this age, there may be a
risk of inappropriately advancing the bone age and thus
compromising the eventual adult height (84). The rec-
ommended dosage is 50 mg intramuscular testosterone en-
anthate or 170 mg of the cypionate form every month for
4–6 months. The 6 month course can be repeated if pu-
berty does not progress spontaneously. Methyltestosterone
may be used, but it may have potential toxicity to the
liver. The use of anabolic steroids has been utilized to
stimulate growth as well as to promote sexual develop-
ment (85–89). Ideally, this should promote both these ob-
jectives with minimal side effects and without danger of
damage to the gonads or a decrease in the patient’s final
adult height. In addition, there seems to be a psycholog-
ical advantage to inducing puberty in patients who might
otherwise have very delayed maturation.

Treatment with these medications should be reserved
for patients who have attained the psychological devel-
opment appropriate for puberty. Therapy may not be in-
dicated in any patient with a chronological age of under
12 years or a bone age under 10 years. One should always
keep in mind that anabolic steroids given for short periods
may accelerate growth and bone maturation, but will not
increase ultimate height. In fact, they may even prevent
attainment of maximum height potential. Fluoroxymeste-
rone is an anabolic compound that seems to be the best
growth-promoting agent available. Long-term studies
have shown that this drug causes accelerated growth with-
out adversely causing rapid bone maturation or compro-
mising adult height. For a comprehensive review of the
effects of oxandrolone on growth, the reader is referred
to an excellent article published elsewhere (89).

Aside from androgens and anabolic steroids, other
pharmacological agents that have been used in the treat-
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Figure 6 Familial short stature. Left: During infancy, the height progression is readjusted to growth channel, which is more
appropriate for the genetic potential. Right: The new height percentile is maintained without further fall-off from the lower
percentile, and the weight is appropriate for height. Note that short stature is life-long and there is no catch-up growth in
puberty. The predicted height of the patient is in range for the target. (From Lifshitz F, Tarim O, Worrisome growth patterns
in children. Int Pediatr 1994; 9:181–188.)

ment of these children who are not growth hormone de-
ficient include propranolol, clonidine, and dopaminergic
drugs, such as L-dopa (levo-dopa) and bromocriptine (90–
93). Clonidine treatment of constitutional short stature im-
proved the growth of some, but not all patients treated,
nor in placebo-controlled studies (91–93). Other drugs
used include luteinizing hormone-releasing hormone ad-
ministration at physiological intervals to stimulate testos-
terone production by means of pituitary gonadotropin se-
cretion (68). However, these regimens are expensive and
cumbersome. Although these drugs have been shown to
increase growth hormone secretion, the growth-promoting
effects are debatable. Also, long-term studies on their ef-
fect on the final height of children treated by such drugs
are not promising (89, 93).

The decision to use pharmacological intervention
must necessarily be based on the patient’s emotional out-
look and the severity of delay. Most children with con-
stitutional delay of growth and development are able to
cope with this condition, if they are properly reassured
about their ultimate height and development. This diag-
nosis, by definition, presages eventual normal maturity
and height without medical intervention. A good deal of

caution is warranted when treating such a benign altera-
tion, although the induction of more rapid maturation with
medications is an immediate reward. A careful assessment
of the nutritional intake is recommended, with particular
attention to deficits in micronutrients, iron, and calcium,
since these patients may have decreased bone density as
adults (94). If deficits are uncovered, nutritional therapy
is recommended.

VI. FAMILIAL SHORT STATURE

Familial short stature has also been defined as genetic
short stature. These patients are short throughout life and
are short as adults, but characteristically they grow at nor-
mal rates in their own percentile (see Fig. 1); however,
their height is within normal limits when allowance is
made for parental heights (95). The growth of these pa-
tients in infancy reveals that growth channels were re-
duced some time between 6 and 18 months of age (62)
(Fig. 6). After 2–3 years of age growth assumes a steady
channel below the fifth percentile. This is because a
child’s size at birth is mostly determined by maternal fac-
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tors. After 6 months, the genetic influence predominates,
and therefore a child who was born of average size may
now shift to lower channels because his or her parents are
of short stature. In contrast to patients with constitutional
growth delay, these infants gain weight at a steady rate,
do not exhibit weight deficits for height, and have no bone
age delay (62).

The bone age of patients with familial short stature
is consistent with their chronological age, although usu-
ally there is a component of constitutional delay in growth
and development. The diagnosis of familial short stature
is made when the child’s height is normal, when allow-
ance is made for parental heights, or the predicted adult
height falls within the target range for the family. Tubular
bone alterations were described as significantly more
prevalent in children with familial short stature children
and adults than in the normal height population (48).
These tubular bone alterations include fifth metacarpal
bone shortening (brachymetacarpia V, Figs. 3 and 4), rhi-
zomelia, and disproportionate shortening of the arms and
lower limbs. Most children and adults with familial short
stature had two to four types of tubular bone alterations,
whereas most individuals with normal stature had either
none or only one type of tubular bone defect. A direct
linear relationship was observed between the degree of
shortening of the fifth and first metacarpal bones, but not
of the other metacarpal bones (48).

These findings suggest that in some patients with fa-
milial short stature there may be an inherited defect in
endochondrial ossification, which is the major process in-
volved in tubular bone elongation and increase in stature.
This defect may result not only in overall decrease in stat-
ure but also in disproportionate limb shortening. Patients
with familial short stature may show a heterogeneous
group of conditions, which manifest as short stature, with
or without minor tubular bone alterations, and with or
without disproportionate limb shortening, and/or present
short stature with no other stigmata. For example, patients
with type E brachydactyly have no other skeletal abnor-
malities except short stature and metacarpal and metatar-
sal shortening (49). Hypochondroplasia, particularly when
mild, may only manifest as short stature with a slight,
disproportionate limb shortening and brachydactyly (96).
Unless careful observations and measurements of the dif-
ferent body segments are made, these patients can be un-
derdiagnosed as having only plain and simple familial
short stature. In these cases, a detailed radiological study
and segregation analysis of the family members must be
done. The availability of SHOX-DNA studies for diag-
nostic purposes remains to be established as a valid in-
dicator for clinical assessment of these types of patients
(53–55).

Although it is important to consider the parents’
heights in evaluating a child’s short stature, it should be
remembered that a parent’s stature is not necessarily fa-
milial or genetic (39). Stature also depends on a multitude

of environmental factors that may have affected a parent’s
growth, including nutrition, drugs, and illness (97). Thus,
considering the heights of the parents’ siblings and par-
ents, as well as obtaining a medical history of the parents,
are also important before making a diagnosis of simple
familial short stature (95). In these patients as in children
with constitutional growth delay, there is pressure to con-
sider treatment to increase growth and attain an increased
ultimate height. As mentioned above, evidence is now
available demonstrating a small potential gain in height
with prolonged growth hormone therapy (80–82). In nor-
mal girls with genetic short stature given this medication
for up to 10 years, there was a mean gain of 5–10 cm in
ultimate adult height compared with the group not treated
(82). However, the cost of such prolonged therapy to gain
a very modest height increment should always be kept in
mind, as well as other potential side effects.

VII. PATHOLOGICAL SHORT STATURE

Pathological short stature is the least frequently occurring
but most serious cause of short stature. Pathological short
stature should be suspected in children who do not grow
normally, those with a growth velocity of less than 4.5
cm/year after 6 years of age, and in those with marked
short stature. Bone maturation is usually quite delayed,
often behind that expected for height. These patients usu-
ally fail to develop sexually, and the prognosis for ulti-
mate height is dependent on the specific diagnosis (see
Table 1). Pathological short stature has accounted for over
one-third of the short patients referred to a pediatric en-
docrinology center (13). This incidence is high compared
with the general population (12), but appropriate for a
referral center.

It is essential to recognize these patients. A precise
diagnosis must be established for early treatment. Often
the only evidence of disease is the growth abnormality.
The disturbances found to account for the short stature in
these children may vary depending on the interest of the
pediatric endocrine center to which the patient is referred.
The causes are most often endocrine, metabolic, or nutri-
tional disturbances. Undoubtedly, other alterations known
to interfere with growth in children, such as renal or car-
diac, predominate in patients referred to these types of
subspecialty centers. The specific pathological causes of
short stature due to hypopituitarism, as well as Turner
syndrome are reviewed in detail in Chapters 2 and 9. In-
dividuals with Turner syndrome have sex chromosome ab-
normalities and often present because of short stature. The
karyotype could be either pure 45,XO or a variety of mo-
saicism. In the latter case, the girl may present only with
short stature with or without delayed puberty, with none
of the dysmorphic features of Turner syndrome (Chapter
10). The pathogenesis of the short stature is unclear, but
recent studies suggest a functional abnormality of the hy-
pothalamic–pituitary axis. During an overnight study of



Worrisome Growth 15

their nocturnal growth hormone secretion patterns, chil-
dren with Turner syndrome had a significantly decreased
number and frequency of peaks compared with normal
children. Moreover, their responses to acute growth-hor-
mone-releasing hormone (GHRH) stimulation are lower.
This abnormal growth hormone neuroregulation is
thought to be caused by the absence of gonadal steroids
(98). Human growth hormone, anabolic steroids, and low-
dose estrogen therapy, alone or in combination, have been
recommended for increasing these patients’ heights
(Chapters 3 and 10) (99–101).

Other chromosomal defects can lead to short stature,
the most common autosomat abnormality being Down
syndrome. This anomaly is also the most common mal-
formation in humans; it occurs with an incidence of
1:600. These children follow a typical growth pattern (see
Chapter 43: Growth Charts) and have obvious dysmorphic
features. The average adult female height is about 57
inches, and the average adult male is about 61 inches.
Patients have a tendency to be overweight beginning in
late infancy and throughout the remainder of the growing
years (25). Growth and weight gain may also be affected
by a concomitant congenital heart defect. The underlying
cause of short stature remains unexplained; however, low
circulating levels of insulin-like growth factor I (IGF-I)
and diminished provoked and spontaneous growth hor-
mone secretion have been reported in some patients (102,
103). However, most of the studies performed on Down
syndrome patients in regard to hGH secretion were done
without consideration of body composition, excess fat be-
ing a known cause of decreased growth hormone secretion
(104). Thus, caution is encouraged in interpreting the re-
sults of growth hormone testing in these patients or using
them in justifying treatment with growth hormone.
Growth hormone treatment of a small number of patients
with Down syndrome has resulted in an accelerated short-
term linear growth and an increase in head circumference.
However, careful and cautious evaluation of the safety,
efficacy, and ethical ramifications of growth hormone
treatment of children with Down syndrome is recom-
mended before embarking on this form of intervention
(105).

Short stature associated with congenital anomalies is
also seen with bone diseases classified as skeletal devel-
opment disorders, which result in disproportionate short
stature are discussed in Chapter 4. The primary error lead-
ing to the disease may affect either the cartilaginous or
the bone-forming stage of bone development. More than
250 different types of bone dysplasia are known, but the
cause of most of these is unknown. The classification is
therefore based largely on morphological criteria rather
than metabolic or molecular ones (106, 107). This dispro-
portion seen in many skeletal dysplasias may have ther-
apeutic implications because some bones grow better than
others. Therefore, growth-promoting agents may accen-
tuate the disparity among the various bones.

One group of conditions characterized by severe short
stature and typical dysmorphic features is occasionally re-
ferred to as primordial dwarfism because no specific cause
for the short stature is defined, and no skeletal dysplasia
is identifiable. Short stature is prenatal in onset, these chil-
dren are born small for gestational age, and skeletal age
is retarded (58). The most notable among the causes of
primordial dwarfism is Russell–Silver syndrome, de-
scribed independently by Silver in 1953 and Russell in
1954. Skeletal asymmetry is a distinct feature of this dis-
order, as is clinodactyly of the fifth finger and small tri-
angular face with downturning of the corners of the
mouth. Café-au-lait spots are usually present. De Lange
syndrome typically is characterized by mental retardation,
microbrachycephaly, bushy eyebrows and synophrys, and
long, curly eyelashes. Patients have a small nose, ante-
verted nostrils, high arched palate, micrognathia, hirsut-
ism, delayed dentition, micromelia, phocomelia and/or
oligodactyly, hypospadias, undescended testes, and hy-
poplastic external genitals. There may or may not be as-
sociated endocrinopathies (108).

Bloom syndrome is characterized by mild microceph-
aly with dolichocephaly, malar hypoplasia, and facial te-
langiectaticerythema. There may be a mild mental defi-
ciency and immunoglobulin deficiency. Death is usually
caused by a lymphoreticular malignancy (58). Johanson-
Blizzard syndrome is characterized by varying degrees of
intellectual impairment. Clinical characteristics include
hypoplastic or aplastic alae nasi, hypoplastic deciduous
teeth, and absent permanent teeth. They may have cryp-
tochoridism, micropenis, imperforate anus, hydro-
nephrosis, septate or double vagina, primary hypothyroid-
ism, and/or pancreatic insufficiency (58). Seckel syndrome
is characterized by microcephaly, mental deficiency, pre-
mature synostosis, receding forehead, prominent nose, mi-
crognathia, low-set and malformed ears, relatively large
eyes with downslanting palpebrat fissures, clinodactyly of
the fifth finger, and dislocation of the radial head and/or
hips. These patients are referred to as bird-headed dwarfs
because of the disproportionately large nose size in com-
parison with the mandible and face (58). Finally, Williams
syndrome is characterized by varying degrees of mental
retardation, medial eyebrow flare, short palpebral fissures,
depressed nasal bridge, epicanthal folds, periorbital fullness
of subcutaneous tissues, blue eyes, anteverted nares, long
philtrum, and prominent lips with open mouth. Nails are
hypoplastic, and there may be cardiovascular anomalies,
including supra-alveolar aortic stenosis, pulmonary artery
stenosis, ventricular or atrial septal defects. There may also
be renal artery stenosis, hypertension, and hypoplasia of
the aorta (58).

VIII. INTRAUTERINE GROWTH
RETARDATION

Intrauterine growth retardation (IUGR) refers to a patho-
logical condition found in infants who have low birth
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weight (LBW) for their gestational age as a result of dif-
ferent genetic and/or environmental influences during ges-
tation. The Third National Health and Nutrition Exami-
nation Survey showed an overall 8.6% prevalence of U.S.
newborns who are small for gestational age (SGA) of all
live births (109). Elsewhere the prevalence of this con-
dition is approximately 3% (110).

IUGR is especially important because of the higher
incidence of morbidity and mortality in such children and
the potential long-term complications of IUGR in adults.
Infants with LBW are 5–10 times more likely to die in
the first year of life than are normal birth weight infants
(111, 112). Those who survive may present neurological
and developmental disabilities, and have an increased risk
of reduced rate of postnatal growth with ultimate short
stature. Although some IUGR babies may grow and de-
velop normally and attain normal stature as adults, about
10–15% do not exhibit catch-up growth and remain short
throughout life (109). The association of IUGR with sev-
eral adult-onset disorders has also been described and is
currently the aim of broad research. An increased inci-
dence of hypertension, cardiovascular and cerebrovascular
disease, noninsulin-dependent diabetes mellitus (NIDDM),
and lipid disorders have been reported in adults with clin-
ical antecedent of LBW (113–120).

IUGR has been defined most commonly as a birth
weight of under the 10th percentile for the gestational age
(121–123). This weight cutoff has been criticized for al-
lowing an overestimation of the real incidence of this dis-
order, since this implies that 10% of normal infants will
have a birth weight below the 10th percentile. However,
there is a significant increased risk for fetal death in those
with birth weights between the 10th and the 15th percen-
tiles (124), but up to 70% of all SGA infants may be
constitutionally small fetuses expressing their genetic po-
tential, and may not be at risk for perinatal mobidity or
mortality. The remaining 30% are growth-restricted in-
fants because of various pathological conditions, and are
at risk for an adverse outcome (125–128). The standards
for fetal growth developed by Brenner et al. (129), which
included 30,772 deliveries made at 21–44 weeks gesta-
tion, are very useful to evaluate the presence or absence
of IUGR.

A. Etiology

Normal uterine growth depends on the genetic potential
of the fetus modulated by environmental, hormonal, and
other biological factors, including maternal health and nu-
trition (130). Infants of small parents tend to be small,
with maternal size having the greatest influence (131).
Several factors play an important role in the etiopatho-
genesis of IUGR. Fetal growth failure may be due to ex-
trinsic factors, mainly maternal, or to intrinsic fetal growth
retardation. The extrinsic factors occur later in pregnancy
as a result of placental disorders or maternal disease,
which compromise the delivery of oxygen and nutrients

to the fetus. Of special importance is the nutritional status
of the mother, as this has major implications on fetal
growth. Chronic undernutrition, more prevalent in devel-
oping countries, is responsible for a large population of
infants with IUGR worldwide. Different outcomes are ob-
served according to the stage of fetal development at
which maternal malnutrition takes place (132, 133). Early
fetal malnutrition may affect growth permanently by re-
ducing cell proliferation and size. A decrease of the cell
size with preservation of cell population is the patholog-
ical consequence of later malnutrition, which might also
result in growth deficit. Infants exposed to early fetal mal-
nutrition have LBW and are symmetrically small (pro-
portionate IUGR). Undernutrition in late pregnancy re-
sults in an asymmetrically growth-retarded infant whose
head circumference is preserved as a result of a physio-
logical adaptation (brain-sparing phenomenon), by which
a major selective blood flow is directed to the brain (130).

There is undoubtedly an association between mater-
nal weight status and infant birth weight (134). Adequate
prenatal care and improved maternal nutrition, through
balanced calorie or protein supplementation, leads to an
overall increase in infant birth weight and to a decreased
rate of LBW deliveries in at-risk populations (135). These
guidelines have been endorsed by the American College
of Obstetricians and Gynecologists (136) and used by the
supplement food programs for Women, Infants, and Chil-
dren (137). Previous nutritional guidelines recommended
a gain of 22–27 pounds for women of all weight cate-
gories. Currently, the Institute of Medicine recommends
for underweight women (body mass index < 19.8 kg/m2)
a weight gain of 29–40 pounds; for average women (body
mass index between 19.8 and 26 kg/m2) 25–35 pounds;
and for overweight women (body mass index between 26
and 29 kg/m2) 15–25 pounds (134). These recommenda-
tions for weight gain during pregnancy have been asso-
ciated with a decreased incidence of LBW (133–137).

Other maternal risk factors associated with IUGR in-
clude maternal short stature, early menarche, short inte-
pregnancy interval, and high maternal parity. Maternal
constraints of fetal growth that result in IUGR may be
multigestational, an effect that may take several genera-
tions to correct (131). Often several other conditions over-
lap, such as chronic malnutrition and substance abuse, to-
bacco smoking, and alcohol ingestion (139). Mothers who
live at high altitudes (>3000 m) may have systemic hy-
poxemia that could account for the LBW. Other maternal
illnesses can impair the fetal growth because of systemic
hypoxemia, including cardiac disease (mainly cyanotic
type), sickle cell disease, or severe asthma. Proteinuric
hypertension during pregnancy also is often complicated
by growth retardation.

Intrinisic fetal factors that tend to reduce the size of
the baby for gestational age include various infectious
agents. These are usually responsible for early onset of
IUGR, and have more severe consequences, such as
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agents associated with the TORCH syndrome (toxoplas-
mosis, other infections, rubella, cytomegalovires, herpes
simplex). Of these, rubella and cytomegaloviruses are the
most important identifiable agents associated with marked
fetal growth retardation. These viral agents reduce cell
number and subsequent birth weight by simultaneously
inhibiting cell division and producing cell death (140).

Chromosomal abnormalities, including Down syn-
drome, trisomy 13, trisomy 18, Turner syndrome, and
other major congenital malformations are other intrinsic
factors that compromise the growth and development of
the fetus (141). Chromosomal aberrations and single-gene
defects often result in fetal growth failure by interfering
with cell division. Several syndromes cause multiple con-
genital malformations and are associated with IUGR
(141). As mentioned above, this group of conditions is
characterized by IUGR and typical dysmorphic features,
which at times are identified at birth (58). Included are
patients with Russell–Silver, De Lange, Bloom, Johnson-
Blizzard, and Williams syndromes.

The role of imprinting genes on fetal growth is an-
other area of interest in the causation of IUGR. Kohler et
al. (142), reported the first imprinting gene (grf1) to be
implicated only in postnatal growth control. It codes for
a protein (Grf-1) found exclusively in the hypothalamus
and acts as an important regulator of synthesis and release
of growth hormone (GH). The Grf-1 protein is not de-
tected in the fetus and is only slightly detectable at birth,
but is clearly present on the second postnatal day. Analysis
of heterozygous mutant mice for this gene confirmed that
grf1 is an important imprinted gene whose deletion leads
to a significant postnatal growth deficiency that persisted
in adult mice. In contrast to other imprinting genes im-
plicated in fetal growth, grf1 is the first to be related ex-
clusively to postnatal growth control.

B. Hormonal Influences

Neither growth hormone nor thyroid hormones are im-
portant regulators of fetal growth. Insulin has a major ef-
fect on growth and size at birth, mostly during the third
trimester when it stimulates fetal lipogenic activity, in-
cluding a rapid accumulation of adipose tissue. Insulin
induces protein synthesis and hepatic glycogen deposition,
increases nutrient uptake and utilization, and has a direct
anabolic effect. In general, growth-restricted infants are
characterized by fetal hypoglycemia, which limits insulin
secretion and fetal glucose production with increased pro-
tein breakdown. This reduces protein accretion, which re-
sults in slow growth. In addition, insulin plays a permis-
sive role in the release of different growth factors from
placental tissues (143). The placental lactogen, a structural
related placental peptide that has many GH-like actions,
also seems to play an important role in fetal growth. Ma-
ternal serum concentrations of placental lactogen rise sig-
nificantly in the third trimerster, parallel with a rise in
serum IGF-I (144, 145).

IGF-I and IGF-II, which in the fetus function inde-
pendently of pituitary GH, also have important effects on
the growth and differentiation of various tissues. There is
a positive correlation between the serum levels of IGF-1
and birth weight (146, 147). Insulin-like growth factor
levels are regulated in a reciprocal direction by maternal
nutritional status. Alterations in the GH–IGF axis have
been reported in infants with IUGR (147, 148). Evidence
exists that GH, IGF-I, and insulin-like growth factor-bind-
ing protein 3 (IGFBP-3) are regulated in a different way
in SGA infants than in infants whose birth weight is ap-
propriate for gestational age (147). There is an inverse
relation between the levels of IGF-I, its major transporter,
IGFPB-3, and birth weight. The cord levels of IGF-I and
IGF-II are lower in SGA infants than in neonates whose
weight is appropriate for gestational age (145). Also,
higher basal levels of serum GH and a higher GH re-
sponse to the growth-hormone-releasing hormone have
been reported in SGA infants, which might be indicative
of GH resistance or insensitivity (148). In IUGR infants
who achieve catch-up growth, levels of IGF-I and IGFBP-
3 normalize. By midchildhood, higher serum concentra-
tions of IGF-I have been found in this group of children
than in normal control subjects. This may reflect a stage
of GH resistance that could be the result of a different
reprogramming of the IGF-I axis than that occuring in
utero (149).

Other potential factors may play a role in fetal
growth. Weber et al. (150) found clear evidence of a re-
lationship between birth month and body size at 18 years
of age, with maximal height obtained in children born in
spring and minimal height obtained in children born in
autumn. The underlying physiological mechanism for this
effect might involve the light-dependent activity of the
pineal gland. Melatonin is active during the prenatal pe-
riod via transplacental passage, and its cyclic production
in the newborn is already established by 9–15 weeks after
birth.

Recent studies (151, 152) have shown that leptin, the
product of the ob gene, a hormone produced in adipose
tissue, may play a role in the nutritional homeostasis of
the fetus and in fetal growth. The hormone has been de-
tected in fetal blood as early as the 18th week of gestation.
No relationship has been found between maternal and fe-
tal serum leptin levels. The birth weight and the body
mass index correlate strongly with the serum concentra-
tion of leptin in infants (152). Infants who are SGA have
a serum leptin concentration equivalent to half of the val-
ues found in infants whose weight is appropriate for ges-
tational age. In infants who are large for gestational age,
the concentration of leptin is likewise three times higher
than in infants who are SGA. Although not universally
reported, there seems to be a gender correlation for leptin
levels, with higher serum concentrations in female infants
(151). Leptin levels are influenced significantly by fatty
mass and are highly related to nutritional status during the
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fetal and neonatal periods. The role of this hormone in
the postnatal growth of infants with IUGR remains to be
elucidated.

C. Assessment of Growth in Fetuses
and Infants

The detection in utero of fetuses with IUGR may maxi-
mize the chance of survival and reduce their chance of
morbidity and mortality. Ultrasound can detect up to 80%
of fetuses with IUGR with great precision. However, there
may be an incidence of 20% false-positive results (153).
Several measurements have been implemented via ultra-
sound to make a diagnosis of IUGR: fetal abdominal cir-
cumference, biparietal diameter, head circumference, and
skeletal length. In order to detect abnormalities in fetal
growth, at least two serial ultrasound measurements
should ideally be taken before the 26th week of gestation.
Doppler ultrasound measurement of fetal cardiac output,
systemic blood flow, and organ supply (particularly with
respect to placental circulation) is a powerful tool in iden-
tifying IUGR fetuses at risk of acidemia. Cordocentesis
to measure lactate concentration in fetal blood is one of
the earliest markers of fetal distress. A significant corre-
lation exists between elevated and midtrimester �-core
fragment levels of human chorionic gonadotropin and
IUGR, comparable to third-trimester ultrasound and su-
perior to maternal serum analytes (154). This could be a
promising new tool for the early prediction of IUGR in
at-risk populations.

At birth, the ponderal index (PI) (birth weight (g) �
100/length (cm)�3) is a measurement of proportionality
that is simple and easily available. It has been used to
determine the symmetry of infants with IUGR. Infants
with low PIs have been exposed to short periods of mal-
nutrition that compromises mostly the weight but not the
length or the head circumference (disproportionate
IUGR). On the other hand, infants with ‘‘normal’’ PIs are
proportionate at birth and may have been exposed to a
more chronic injury in utero. The ratio of midarm to head
circumference, which reflects somatic muscle and fat
stores, has been proposed as a better predictor of mobidity
than PI (155).

D. Postnatal Growth and Outcome

It is important to recognize that infants with IUGR even
without any major disability may fail to catch up, and
their IUGR may be a cause of short stature (156). It has
been shown that 15–20% of infants with IUGR will have
short stature by the age of 4 years and 7.9% will have
short stature at 18 years of age. Infants with IUGR usually
experience catch-up growth during the first 2 years of life,
with most infants achieving this growth in the first 6
months of life (109). Of those children who do not show

catch-up growth, 50% will remain short as adults (125).
However the most important determinants of the final
height of infants with IUGR are unknown. Leger et al.
(157) reported in a longitudinal study involving 213 SGA
infants that the most important factors determining final
height were parental height (especially the mother’s stat-
ure) and birth length, rather than variables such as gender,
birth weight, or PI.

Strauss et al. (158) evaluated a cohort of infants born
with IUGR and found no differences in terms of risk fac-
tors (birth weight, birth length, head circumference, PI,
maternal weight gain, maternal size, placental size, smok-
ing, toxemia, or hypertension) between the infants who
showed catch-up growth and those who did not, suggest-
ing that genetic factors rather than environmental events
account for the persistent effects of IUGR on growth. The
importance of a genetic contribution is supported by the
increased prevalence of IUGR within some families and
the discovery of single-gene mutations in IGF-1 in some
infants with IUGR (159). The Third National Health and
Nutrition Examination Survey (109) showed a tendency
of infants who were SGA at birth to be shorter and to
have smaller head circumferences despite catch-up
growth. In general, after an initial period of rapid growth,
infants who were SGA at birth can be expected to attain
growth around the 25th percentile in early childhood. Un-
like term infants who are SGA, LBW infants who are born
preterm usually show poorer progress. Infants with IUGR
attain 80% of catch-up growth in the first 6–8 months of
life (111). In those in whom catch-up growth does not
take place, final stature may be compromised.

However, the postnatal growth of IUGR infants often
is compromised by failure to thrive (FTT). The incidence
of FTT in IUGR infants appears to be high, and it is often
difficult to determine if such infants are growing normally
after birth without experiencing catch-up growth or if they
have FTT. Kelleher et al. (160) reported an incidence of
19.7% of FTT in a cohort of 914 preterm infants with
LBW who were evaluated for 3 years. Infants who ex-
perienced FTT remained smaller on all growth parameters
(weight, length, and head circumference) at 36 months of
age compared to their matched controls. On the other
hand, IUGR infants who are labeled as experiencing FTT
may be growing appropriately and may be subjected to
unnecessary diagnostic and therapeutic studies (13). One
example of normal growth in IUGR misdiagnosed as FTT
is shown in Figure 7. The weight and length of this patient
were plotted on a growth chart for normal children, not
on the specific IUGR growth charts available for these
infants. However, a simple examination of the anthropo-
metric measurements of this patient ruled out the diag-
nosis of FTT. The patient tripled his weight by 1 year of
age and quadrupled it by 2 years. His length likewise pro-
gressed well and remained proportional to weight
throughout. A careful evaluation of the growth pattern and
weight gain elucidated the differential diagnosis.
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Figure 7 Top. Growth patterns of a patient with intrauterine
growth retardation. Bottom. The growth velocity is plotted
against normal standards. Note that this patient did not have
failure to thrive nor was it suspected because he was growing
at a normal velocity. (From Ref. 13.)

The diagnosis of FTT cannot be sustained when the
birth weight is tripled within the first year of life. This
rate of growth is the one that occurs in normal children.
However, this infant did not exhibit catch-up growth. In-
fants with IUGR who start with a tremendous size deficit
and who do not exhibit catch-up growth may be expected
to remain proportionally small thereafter. Aside from the
absence of catch-up growth, these children with IUGR
may undergo early puberty and be unusually short as
adults (161). Often these children may be forced to in-
crease calorie intake in order to grow more in length to
no avail.

However if weight gain progression does not occur
at a normal rate, FTT must be considered. Because infants
with IUGR often have other associated abnormalities such
as neurological, cardiac, or pulmonary disorders, these
may contribute and compromise growth and/or lead to

FTT. Frequently these patients also present oral motor
dysfunction (162) resulting in ‘‘poor feeding.’’ Nutrient
intake in LBW infants is difficult at best, and most often
does not meet the recommended dietary intakes (163).
There is an accumulated nutrient deficit during the first
few weeks of life of energy, protein, and other nutrient
alterations that has an impact on infants’ growth. The
long-term consequences of this accumulated nutrient def-
icit may be important: as much as 45% of the growth
variation was related to this. Thus, IUGR infants must be
carefully monitored to ensure an adequate intake, which
should allow for their maximum growth after birth. This
is particularly important because growth hormone was re-
cently approved for treatment of such infants, and this
should not be undertaken without appropriate nutrient in-
take.

Growth failure in IUGR children is a new Food and
Drug Administration (FDA)-approved indication for HGH
therapy (Chapter 3). With the availability of unlimited
amounts of biosynthesized HGH, the possibility of im-
proving the final adult stature of children with IUGR by
giving daily injections of HGH has been assessed in sev-
eral studies (164–173). Although long-term results of
HGH therapy in children with IUGR are not yet available,
some studies have shown a short-term growth benefit after
2–4 years of HGH therapy (164–173). A clear dose–re-
sponse effect to HGH was also shown (169–171). Dos-
ages from 0.4–1.2 U/kg have been implemented, with a
better growth response occurring with the highest dosages
of HGH. However, some studies have shown that by using
high dosages of HGH (>1.2 U/kg) accelerated skeletal
maturation occurs. This could minimize the long-term
benefits of the initial growth response (161) and the final
height of IUGR subjects may not differ with and without
growth hormone treatment (174).

High dosages of HGH have been used in infants with
IUGR based on the hypothesis of a state of HGH insen-
sitivities in this group of patients, which might be over-
come by administering elevated dosages of the hormone.
The use of high dosages of HGH in infants with IUGR is
only recent and although HGH seems to be well-tolerated,
long-term side effects have not been ruled out. Taking into
consideration some data showing a potential risk for hy-
perinsulinism in infants and children with IUGR (115,
117–119), and since one of the potential side effects of
GH therapy is the induction of insulin resistance, the use
of high dosages of HGH in these patients must be viewed
with caution.

Although some of these studies have shown promis-
ing results with HGH therapy, this form of treatment has
only been implemented for a relatively short period of
time, and no long-term data on the beneficial effects on
final adult height are yet available (169). In most of these
studies administration of HGH was started in patients over
2 years of age (171). To date, it is not known if there may
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be a better chance to induce a higher level of recanlization
of growth with an earlier onset of HGH therapy.

E. Long-Term Effects

IUGR may have important long-term consequences, re-
sulting in increased morbidity and mortality in adulthood.
Experiments using animals (175, 176) indicate that tran-
sient events in fetal and early life might lead to permanent
and significant changes in physiology and metabolism
later in life. These studies have shown that undernutrition
during critical period of rapid growth in fetal and early
life may permanently modify the structure and physiology
of different organs, including that of the endocrine pan-
creas, liver, and blood vessels, changing their structure
and physiology permanently. In this way, hormonal phys-
iology and tissue sensitivity could be definitely compro-
mised, leading to disease in adult life, a phenomenon
called ‘‘programming’’ (177). Hales and Barker (178), in
their ‘‘thrifty phenotype’’ hypothesis, have pointed out
how prenatal nutrition has an effect on fetal development
that becomes evident in adulthood. This hypothesis has
been supported by animal experiments. Pregnant rats fed
with isocaloric, protein-restricted diet have offspring with
lower birth weights, decreased �-cell mass, decreased islet
vascularization, and impaired insulin response (176). This
damage might be irreversible if a normal diet after birth
does not restore a proper insulin response by adulthood.
Thus, permanent endocrine dysfunction is one conse-
quence of initial in utero nutritional insult.

Epidemiological and long-term follow-up studies
have shown an inverse relation between birth weight and
several adult-onset diseases (178, 179). A higher percent-
age of essential hypertension, impaired glucose tolerance,
NIDDM, ischemic heart disease, high serum triglycerides,
and low serum high-density lipoprotein concentration
(syndrome X) has been reported in adults with a clinical
history of LBW (180). These studies have shown a re-
duction in insulin response in prepubertal children and
adults with a history of IUGR. The lower sensitivity to
insulin seen in infants with IUGR might indicate that in-
sulin resistance is present during childhood even without
clinical manifestations. Low birth weight secondary to
malnutrition during fetal development might be associated
with abnormalities in muscle structure and function,
which could interfere with glucose uptake, normally in-
duced by insulin. Thus the �-cells must produce larger
amounts of insulin to keep serum glucose levels within
the physiological range, which in the course of time could
lead to their exhaustion. Previous studies (177–180) have
shown an association of several cardiovascular risk factors
with insulin resistance. Thus, the presence of insulin re-
sistance in children with IUGR could be a risk factor for
the development not only of adult-onset NIDDM (117–
119) but also of cardiovascular disease. A higher preva-
lence of arterial hypertension, high serum triglyceride
concentrations, and low concentrations of high-density

lipoprotein cholesterol is found in adults with antecedent
of LBW (177).

A threefold increased risk of NIDDM in men over 60
years of age with the clinical antecedent of IUGR was
reported in a Swedish study (118). A recent study of a
cohort of 70,000 women from the Nurses’ Health Study
(117) likewise found a strong inverse correlation between
birth weight and NIDDM among more than 2000 con-
firmed cases of NIDDM. Women who weighed less than
5 pounds at birth had a relative risk for NIDDM of 1.83,
compared with a risk of 0.83 in women who weighed
more than 10 pounds at birth.

It is evident that growth restricted newborns are not
all created equally (181). In recent years HGH trials have
demonstrated an apparent beneficial effect on patients
with noncomplicated IUGR treated after 2 years of age
for 2–4 years. Most of these studies (171) have shown
recanalization and improvement of height, although long-
term data demonstrating gain in adult height are lacking.
Whether an improved height attained with HGH treatment
could ameliorate some of the long-term sequelae of IUGR
in adult life is not known at present. However, in very
stunted IUGR patients, it can be expected that psycholog-
ical adjustment could improve with treatment that results
in increased height.

IX. FAILURE TO THRIVE

The term, ‘‘failure to thrive’’ (FTT) is used to describe
infants and young children whose body weight and weight
gain are substantially less than those of their peers. It is
defined as growth deceleration to a point below the third
percentile in weight; a child who has fallen across two or
more percentiles; or a child whose weight is less than 80%
of the ideal weight for age.

FTT accounts for 1–5% of tertiary hospital admis-
sions for patients less than 1 year of age (182). Many
more children, perhaps 10%, are managed as outpatients
by physicians throughout the United States (183). Despite
its established status in medical terminology, the concept
of FTT lacks a clear definition and should be considered
a sign or symptom, not a diagnosis or a disease (184).

Children with FTT are typically diagnosed in the first
few months of life and their illness may persist for years.
All FTT infants have physiological alterations due to mal-
nutrition, but the causes can be categorized as organic or
nonorganic (185). Organic FTT (OFTT) involves infants
who have specific diagnosable disorders. It is only iden-
tified in 20% to 40% of children hospitalized with FTT
and even less frequently in outpatient clinics.

Non-organic failure to thrive (NOFTT) is a subtype
of FTT that accounts for the majority of infants with FTT,
although the percentage varies from institution to institu-
tion. NOFTT does not imply a specific cause, but merely
suggests that the cause is primarily external to the infant
(186). In addition, there may be an overlap between OFTT
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and NOFTT owing to the presence of minor infections,
vomiting, and diarrhea together with behavioral problems
and altered eating behavior. Therefore, several authors
have questioned the adequacy of this dichotomous view,
suggesting the need for a third category: so-called mixed
cause (187, 188). NOFTT is more than a growth problem.
Children with NOFTT present a low rate of weight or
length gain, delayed development, abnormal behavior, and
distorted caretaker–infant interaction.

Failure to thrive can be due to a variety of disorders
that may have little in common except for poor body
weight. Each one of them must be recognized and treated
accordingly (189–191). However, the goals of nutritional
rehabilitation are similar regardless of the cause. On the
other hand, pediatricians should always be aware of dif-
ferent patterns of growth in the first years of life that can
present as factitious failure to thrive (192). These patterns
include patients with constitutional growth delay and/or
familial short stature. Because the size of an infant at birth
is more related to maternal size and intrauterine influences
than to genetic factors, in some children an adjustment in
growth velocity greater than 25% (across two percentile
lines) takes place as a recanalization of normal growth. A
significant decrease in growth rate in these conditions may
represent a physiological event in the first years of life
and does not necessarily indicate FTT. Also, patients with
IUGR may mimic the symptoms of FTT as described
above.

A. The Breastfed Baby

Caution must also be taken in labeling an infant who is
exclusively breastfed as having FTT. Because growth
charts for breastfed infants are not usually used, a normal
growth pattern of a breastfed baby may seem to be lower
on the growth channel of the most frequently used growth
charts, which are based on studies of infants who were
mostly formulafed (193, 194). To date, no clear data
would warrant discouraging breastfeeding of an infant
whose growth seems to deviate across channels in such
growth charts. Human milk is the ideal and most readily
available nutrient, and should therefore be continued and
encouraged as much as possible. However, breastfeeding
alone may not be adequate for a particular child who in-
deed may be failing to gain weight appropriately (195–
197). Breast feeding must be closely monitored to ensure
that adequate lactation is present and that the infant thrives
at an appropriate rate as plotted on growth charts specific
for breastfed babies (11).

The effect of prolonged breastfeeding on growth is
controversial. One study (194) demonstrated that exclu-
sively breastfed infants had slower length velocity after 3
months of age than infants who were weaned early and
given formula plus solids. This trend was more obvious
at 9 months of age. In this study, relative weight for length
had no deficit. The growth of breastfed and formulafed
infants from 0 to 18 months of age was investigated in

the so-called DARLING study (198). The mean weight of
breastfed infants was shown to drop below the median of
the formulafed group between 6 and 18 months of age.
In contrast, length and circumference values were similar
between the two groups. The results of the study showed
that breastfed infants gain weight more slowly than for-
mulafed infants from similar socioeconomic and ethnic
backgrounds during the first 9 months of life.

A comprehensive assessment of the effects of pro-
longed breastfeeding on children’s growth was performed
by Grummer-Strawn (199). In this retrospective analysis
of 13 studies, eight reported negative relationships be-
tween breastfeeding and growth, two found a positive ef-
fect, and three showed mixed results. Even if prolonged
breastfeeding is found to impair weight gain, the protec-
tion that breast milk offers against infection and other
health benefits would argue in favor of preserving the pol-
icy of encouraging human milk feedings as the main food,
(sole feeding for the first 4–6 months of life), particularly
where sanitary conditions are poor. Prolonged breastfeed-
ings also provide beneficial impact on birth spacing,
mother–child interactions, infections, allergies, other mor-
bidities, and infant mortality.

B. Clinical Findings

In the NOFTT syndrome, both inadequate nutrition (i.e.,
nature) and distorted social stimulation (i.e., nurture) con-
tribute to poor weight gain, delayed development, and ab-
normal behavior. The clinical characteristics of infants
with this type of FTT include small for age, thin for
length, wide-eyed expression or gaze aversion, thin chests,
wasted buttocks, prominent abdomen, hanging folds under
the arms, expressionless face, decreased vocalization,
gross motor activity, and response to social stimuli; lack
of cuddling, and clenched fists.

There is evidence that NOFTT infants may present a
combination of biological vulnerability, environmental
difficulties, and be the products of parents with poor mar-
ital relationships (200, 201). Infants with this type of FTT
are more passive, more likely to sleep through meals or
take longer to finish their meals, and more likely to be
diagnosed as hypotonic. There is also evidence that
NOFTT infants receive less appropriate developmental
stimulation at home and have developmental delays.

Developmental delays have also been linked to oral–
motor dysfunction (OMD), which is frequently found in
FTT children. When children with FTT were compared
with children of the same developmental age with cerebral
palsy, the oral–motor profiles were remarkably similar. It
has been hypothesized that children with OMD might
have subtle neurodevelopmental disorders (202). At 20
months of age, FTT infants were twice as likely to show
mental developmental quotients less than 80 (200). The
infants also showed less sociability. The clinician evalu-
ating a child with FTT must also consider that prenatal
factors may play a role in causing the problem. The pos-
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sibility of prenatal exposure to psychoactive substances
needs to be ascertained, including exposure to alcohol,
tobacco, and other drugs (203). There may also be signs
of neglect, abuse, or illness in infants with FTT. It should
be kept in mind that confirmation of the diagnosis of
NOFTT is always based on a positive growth and behav-
ioral response to treatment.

C. Nourishing and Nurturing

Every child who fails to thrive has either not taken, has
not been offered, or has not retained adequate energy to
meet his or her nutritional needs. However, FTT infants
prove that nourishment involves much more than inges-
tion of food. In most instances NOFTT results from a
disruption in nurturing practices that ultimately affects the
child’s ability to obtain proper nourishment. These nur-
turing factors include parental beliefs and their concept of
nutrition. Also the infant’s behavior or adverse social or
psychological environments may contribute to an inade-
quate nurturing environment, leading to NOFTT. There-
fore, direct observation of mother–infant feeding and their
social interaction is a necessary part of the evaluation. A
careful nutritional evaluation must also be performed,
which should include collecting dietary intake from a 24
h dietary recall or, more accurately, a food diary for 3–7
days. It should also address meal frequency, feeding pat-
terns, and an assessment of all fluids given. It is also val-
uable to determine whether any particular food was re-
stricted or promoted i.e., ‘‘no junk food,’’ increased fruit
juice consumption (204–208), or if there are vegetarian
practices (209–211).

Often the diet record suggests that the child is re-
ceiving adequate calories for weight and length, but not
for age. This level of intake allows the infant to maintain
current weight but does not provide sufficient nutrients
for growth. Sometimes the dietary intake is adequate in
calories and protein, but is deficient in specific nutrients,
such as iron, zinc, and/or other micronutrients, resulting
in growth faltering (212–215). Supplementation studies
have demonstrated that improvements in nutrient intake
result in improved growth, including bone mineralization
and maturation (216–218).

Particular attention should be paid to the presence of
nonspecific symptoms, such as intermittent vomiting, spit-
ting up, diarrhea, and frequent upper respiratory tract in-
fections. These may be present in infants with NOFTT
and in other organic conditions (i.e., gastroesophageal re-
flux) (219). So-called feeding difficulties may also lead to
decreased nutrient intake in NOFTT infants (220). These
infants exhibit unusual behaviors, such as wide-eyed star-
ing, gaze avoidance, fist clenching, and apathy toward
their caregivers. Although apathy and decreased motor ac-
tivity are recognized behaviors in malnourished infants
(221, 222), many of the abnormal behaviors of patients
with NOFTT are not attributable to malnutrition alone.

Some nutritional alterations may influence the in-

fant’s behavior. Iron deficiency during infancy has been
associated with anorexia, irritability, and lack of interest
in their surroundings (223, 224). Zinc deficiency may
likewise compound the course of FTT and excess lead
ingestion may complicate the clinical picture even before
the lead blood levels reach a toxic concentration. NOFTT
infants were shown to have lead blood levels in a range
formerly thought to be safe (i.e., 15–20 mg/dl) (225).
These elements should be monitored in all FTT patients
and treatment should be given when alterations are dem-
onstrated.

If decreased nutrient intake is found to be the cause
of inappropriate weight gain, the question becomes: Why
are insufficient amounts of food consumed by infants with
NOFTT? Are these infants simply not offered enough? Do
the infants fail to signal hunger or satiety? Do they have
a poor appetite or refuse food?

D. Neglect and Deprivation

In frequent cases, parental stress affects the way infants
interact with their mothers (190–192). The quantity and
quality of social and emotional stimulation between
mother and child may be decreased even before clinical
evidence of FTT is apparent. Many mothers of NOFTT
infants are depressed, come from lower socioeconomic
groups, lack a support group, and/or are themselves under
multiple stresses. Mothers from higher socioeconomic
groups may also lack the emotional strength or motivation
to interpret or respond to the needs of their infant. As
more mothers become engaged in work outside of the
home or involved in activities that are independent of their
family responsibilities, their children may not be getting
the appropriate attention to meet their needs for nurturing
(226).

Psychosocial deprivation may also lead to FTT in in-
fants (227–229). It has long been known that neglect and
deprivation may lead to FTT. King Frederick in Sicily was
interested in learning the innate language of humans. Con-
sequently he isolated infants to learn what language they
would speak spontaneously. These children did not thrive
and thereafter died due to lack of communication and at-
tention (230, 231). Also, it has long been known that in-
fants often died and did not thrive in foundling homes
(232–236) or hospitals (237, 238). A classic example of
the role of nurturing influencing somatic growth was de-
scribed by Waddissom (236). She described the experi-
ence of two German orphanages run by women of differ-
ent personalities. The children under the care of the
unpleasant, aggressive woman who did not render nurtur-
ing care did not thrive, whereas those under the care of
the woman with opposite personality traits grew well.
Both groups had similar dietary intakes. These patients
usually have no hormonal disturbances such as growth
hormone deficiency to account for poor growth, and they
usually recover when sufficient nourishment and nurturing
is given.



Worrisome Growth 23

E. Infantile Anorexia

An infant behavior that typically leads to FTT is infantile
anorexia nervosa, which is characterized by food refusal,
extreme food selectivity, and undereating despite parental
efforts to increase the infant’s food intake. The onset of
this disorder usually is between 6 months and 3 years of
age, with peak prevalence around 9 months of age (239).
The feeding difficulties stem from the infant’s thrust for
autonomy; a striking observation in these infants is their
willfullness. Mother and infant become embroiled in con-
flicts over autonomy and control, which manifest primar-
ily during feeding time. This conflict leads to a battle of
wills over the infant’s food intake. Characteristically, par-
ents mention that they have tried ‘‘everything’’ to get the
infant to eat. Chatoor and colleagues (240) hypothesized
that this separation-related conflict interferes with the in-
fant development of somatopsychological differentiation.
The process of differentiating somatic sensations, such as
hunger or satiety, from emotional feelings, such as affec-
tion, anger, or frustration, is clouded by noncontingent
responses by the parents to cues coming from the infant.
As a result of this confusion, the infant’s eating becomes
controlled by emotional experiences instead of by physi-
ological needs. The focus of the treatment is on improving
communication between the parents and the infant to fa-
cilitiate the process of separation and individuality. In a
cognitive–behavioral approach, the therapist explains to
the parents the infant’s behavior and suggests ways to pos-
itively modify and structure mealtimes to facilitate
growth.

F. Laboratory Findings

Poor nutrition and psychosocial factors are by far the most
frequent factors leading to NOFTT. Therefore, laboratory
tests offer limited value in determining the causes of
growth deficiency and should only be used when the find-
ings from the history and physical examination indicate
something organic or possible nutritional alterations. In
some cases, the child’s bone age should be determined to
facilitate the process of ruling out systemic chronic dis-
eases or a hormonal abnormality. This measurement may
also be of help as a baseline for future growth and bone
development progression.

Unless organic disease is suspected, detailed testing
should be reserved for patients in whom management of
nutritional and psychosocial problems does not result in
the expected improvement in the rate of growth. It has
long been known that fewer than 1% of laboratory tests
showed an abnormality that helped identify the cause
(241). However, laboratory evaluation of the nutritional
status should be comprehensive to assess for deficiencies
that are not clinically apparent (242). Such an evaluation
should include iron deficiency, which may be responsible
for anemia and some of the long-term complications of
FTT even when there is no anemia (212–221).

If weight gain does not occur soon after advice is
given to the parent(s) about feedings, the child needs to
be evaluated more intensely. Usually these patients are
admitted to the hospital to have possible organic altera-
tions ruled out, and most importantly simultaneously to
receive appropriate nutritional intake to induce weight
gain and thus to verify that the patient has the capacity to
grow well (243).

G. Management

In the past, hospital care was routinely recommended as
part of the initial management of FTT patients. The goals
were to ensure an adequate dietary intake, to observe the
child’s behavior, and watch the family–child interactions.
Despite today’s economic constraints, hospital care is jus-
tified when the patient has not responded to appropriate
outpatient management; the severity of the malnutrition
warrants it; or abuse, neglect, or both are suspected. A
meta-analysis of NOFTT found that hospitalization sig-
nificantly improved growth recovery and sustained catch-
up growth (244). However, an aggressive outpatient man-
agement program may also be appropriate (245). The use
of a multidisciplinary team usually offers special advan-
tages in the rapid correction of undernutrition and devel-
opmental progress in children with NOFTT (246).

Nutritional therapy of FTT children has several goals:
(a) achieving ideal weight for height; (b) correcting nu-
trient deficits; (c) allowing catch-up growth; (d) restoring
optimal body composition; and (e) educating parents in
the nutritional requirements and feeding or the child. Re-
gardless of why a child fails to thrive, effective nutritional
management consists primarily of providing enough cal-
ories to achieve a positive energy balance and growth. The
World Health Organization Expert Consultation on En-
ergy and Protein Requirements recommended that ‘‘when-
ever possible, energy requirements should be based on
measurement of expenditure rather than intake’’ (247).
The standard energy expenditure prediction equations
were all derived from data accumulated from healthy chil-
dren. Thus they may underestimate about one-quarter of
the true energy requirement for infants with FTT (248).

Because nutritional intervention is usually the focus
in treating children with FTT, high-calorie, adequate pro-
tein feeding has been advocated for many years. With this
treatment the child recovers more rapidly, the stay in the
hospital is shorter, and more children can be treated in a
given period of time at less cost. Nurses or trained ther-
apists should feed the infant initially to allow identifica-
tion of a feeding problem and to ensure that intake will
be adequate. Proper feeding of the FTT child can be
achieved most often with infant formula that is given in
sufficient quantities to meet the child’s specific nutrient
needs. Protein and other types of supplementation are usu-
ally not needed, but some products can be used when
indicated.

Tube feedings are indicated only in cases of severe
malnutrition or failure to induce weight gain in the hos-
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pital. They may be necessary if the child is severely de-
bilitated, metabolically unstable, or requires immediate
restoration of fluid and electrolyte balance. Tube feedings
may be useful for children with NOFTT as a temporary
behavior modification modality, or in patients who fail to
respond to other methods of nutritional rehabilitation
(249).

Many clinical trials have indicated that supplemen-
tation with micronutrients improves weight gain in
growth-faltering patients. Single-nutrient deficiencies are
cumbersome to document and micronutrient deficiencies
commonly coexist. For example, iron deficiency may be
present without iron deficiency anemia, and zinc defi-
ciency may be difficult to document by the lack of a good
indicator. Yet clinical trials of iron supplementation have
positive effects on weight gain, linear growth, and psy-
chosocial behavior (212, 221, 250). Similar studies have
revealed positive effects with zinc supplementation on
growth as well as on morbidity and severity of infections
in children. (251–256). Vitamin and mineral deficiencies
sometimes become evident only after the infant starts
growing and gaining weight. Therefore a multivitamin–
mineral preparation that includes iron and zinc is recom-
mended for all undernourished children.

Nutritional rehabilitation for these children must ac-
complish catch-up growth, which is defined as the accel-
eration in growth that occurs when a period of growth
retardation ends and favorable conditions are restored.
Catch-up growth in FTT depends on the provision of cal-
ories, protein, and other nutrients in excess of normal re-
quirements. Children need 25–30% more energy and
nearly double the amount of protein for catch-up growth
(257). The extent to which nutritional rehabilitation can
restore normal body size and composition is a critical sub-
ject. Returning to one’s previous growth curve does not
indicate achievement of a normal body composition (258).

H. Recovery

During the recovery period, parental nutrition education
programs are extremely important. When families with
psychosocial maladaptations are revealed to be major con-
tributors to FTT, the physician must discuss these behav-
iors in a nonjudgmental way, so that guilt is not increased
or compliance endangered. Parents should be reassured,
and support should be provided for correction of the prob-
lems as much as possible.

To improve their infant’s eating habits, parents should
be introduced to inpatient treatment programs for food-
refusing infants (259). Parents and infant may have to be
separated at meal times. The nurse must feed the child
with structured, time-limited meals. Parents are to be
given individual therapy and afterwards be reintroduced
to the feeding situation. Parents must be educated regard-
ing the catch-up growth process and long-term growth
goals for their child. The baseline appearance of a ca-
chectic child may bias the family’s perception of recovery.

The misperception that the recovering child is too plump
may result in an abrupt diet change and abandonment of
high-calorie feedings.

In all instances and at all stages of the evaluation and
treatment of FTT, a ‘‘working alliance’’ between key fam-
ily members and professionals must be established (260).
Developing such relationships can be a challenge and it
requires the availability and commitment of multidiscipli-
nary teams to assist the family in the treatment of NOFTT.

Continued treatment after discharge from the hospital
is necessary and the infant should be evaluated at regular
intervals for a long time. Growth, development, and social
behavior must be carefully and continually monitored.
Temporary placement in a more favorable setting within
the family or in a foster care environment may be nec-
essary if the immediate family is judged as incapable of
following through on the recommended management.

I. Long-Term Outcome

A few systematic long-term studies of growth and devel-
opment in NOFTT infants have been carried out. The
longest follow-up study on growth found a difference be-
tween former FTT children and control children when the
relationship between the height and weight ages of the
children were compared with their chronological ages
(261). Of the children with FTT, 6 of 14 were 1 or more
years below their chronological age for height and weight.
In the comparison group it was 1 child out of 14. Studies
of catch-up growth show that NOFTT children continue
to do poorly developmentally despite increased weight. A
study by Singer showed that even after extended hospi-
talization, NOFTT infants manifested persistent intellec-
tual delays at a 3 year follow-up examination, despite
maintenance of weight gains achieved during early hos-
pitalization (262).

These children remained significantly behind their
control group in language development, reading age, and
verbal intelligence. They also scored lower than the con-
trol group on a social maturity rating.

J. Special Considerations

The physician faces specific additional problems when
dealing with a NOFTT patient in the managed health care
environment. The diagnostic coding of such children is
fraught with so-called Catch-22 dilemmas (263). Medical,
nutritional, developmental, and/or psychiatric diagnosis
may be utilized, but no optimal classification and coding
scheme exists for use in these patients. The rapid growth
of managed care also has significant implications for ac-
cess to care, quality of services, reimbursement, and pay-
ment for health care. The special needs of these patients
amplify the issues and challenges in ensuring that man-
aged care is an effective component of community re-
sources that foster healthy growth and development (264).
These patients are at risk for concurrent illness and ad-
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Figure 8 a. The patient was referred because of short stature. Initially, the heights and weights depicted were the only available
data. Signs of sexual development were absent. b. Complete growth data for the patient, who began dieting at 12 years of age.
(From Ref. 272.)

verse development outcomes. A healthier child ultimately
requires fewer services and indirect benefits may also oc-
cur with fewer health care expenditures and lifelong pro-
ductivity.

X. NUTRITIONAL GROWTH
RETARDATION

The single most important cause of growth retardation
worldwide is poverty-related malnutrition (265). When
suboptimal nutrition is continued for prolonged periods of
time, stunting of growth occurs as the main clinical pic-
ture (266, 267). However, nutritional growth retardation
(NGR), as found in pediatric endocrine practices in the
United States, is usually not the result of poverty-related
malnutrition. NGR and delayed sexual development
among suburban upper middle class adolescents is most
often a result of self-restrictive nutrient inake (35, 268).
Also, poor growth and inadequate nutrition have been
found in such systemic problems as chronic inflammatory
bowel disease (CIBD) and celiac disease (CD) (269, 270).
Children with NGR are generally referred to the pediatric

endocrinologist because of short stature or delayed pu-
berty. Therefore, pediatricians and pediatric endocrinolo-
gists need to recognize NGR and become familiar with its
causes and treatment.

A. Diagnosis

Pediatric endocrinologists usually evaluate linear growth
accurately in the assessment of patients with short stature,
but often little consideration is given to body weight pro-
gression. Although the importance of evaluating the pat-
tern of stature increments throughout life in the differen-
tial diagnosis of short stature cannot be overemphasized,
the assessment of the progression of body weight is
equally relevant to be able to recognize NGR. Figure 8
illustrates this point.

This 15-year-old boy was referred to the endocrine
clinic with short stature of unknown cause. He was
healthy in all other respects, and the only presenting
symptom was deteriorating linear growth. On examina-
tion, both his height of 146.9 cm and weight of 37.6 kg
were below the fifth percentile. No body weight deficit
for height was evident, and sexual development was de-
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layed (Tanner stage 1). The initial measurements provided
by the referring pediatrician indicated a decreasing growth
rate with appropriate weight gain that was progressing just
below the fifth percentile (Fig. 8a). However, after ad-
ditional growth data were obtained and all height and
weight records were compiled, a typical picture of nutri-
tionally related growth retardation emerged (Fig. 8b). At
12 years of age, his weight gain ceased, which subse-
quently resulted in deceleration of linear growth and pu-
bertal delay. Review of his nutritional intake showed that
he was consuming only approximately 60% of his esti-
mated energy needs based on age and gender. He was an
athletic boy who described a desire to remain slim and
avoid obesity, a syndrome that was discovered in 1983
(34).

The Wellcome Trust classification differentiates NGR
from other types of malnutrition characterized by wasting
and stunting (271). The anthropometric criteria for ND
stipulate low weight for age with minimal deficit in
weight for height. By these criteria, it may be difficult to
differentiate NGR children from those who have familial
short stature or constitutional growth delay. Cross-sec-
tional data in these normal children may also demonstrate
weights below the mean for age. Only the longitudinal
progression of body weight and height can more clearly
reveal NGR (272), which may occur even when there is
weight-for-height excess (273). In NGR there is a dete-
riorating linear growth and/or delayed sexual development
associated with inadequate weight gain (Fig. 9a,b) (34,
268, 272). This pattern of growth is seen in organic forms
of NGR, as in chronic inflammatory bowel disease (274),
as well as in nonorganic forms, that is, ingestion of re-
strictive diets (207). Furthermore, although concern is
heightened when weight or height measurements fall be-
low the fifth percentile, deterioration across percentiles of
weight and height may also indicate NGR, even when
height and weight are above the fifth percentile. With
nutritional rehabilitation, catch-up growth is usually
achieved.

The analysis of body weight progression may be the
most important clue to diagnosis of NGR in patients with
short stature (Fig. 9a,b). The calculation of theoretical
weights and heights based on previous growth percentiles
may be used to compare current anthropometric indices
quantitatively with previously established patterns of
weight and height progression (Fig. 9a). Theoretical
weight is defined as the weight the patient should have
had at the time of the examination, if the patient had con-
tinued to gain weight along the previously established per-
centile during the premorbid growth period (272). Body
weight for height deficits are not common in NGR, but
there is often a body weight deficit for theoretical weight
(Fig. 9a,b). In contrast, short patients without NGR, such
as those with constitutional growth delay, continue to gain
weight along established percentiles and the body weight
at the time of assessment is equal to the theoretical body
weight (Fig. 9c).

The growth patterns of NGR must also be differen-
tiated from normal variations in growth that may occur as
a result of variations in frame size, feeding practices, or
constitutional factors that may resemble NGR. Most nor-
mal children exhibit minimal deficits or excesses in body
weight in proportion to height and grow along established
percentiles (275). These constitutional variations in body
weight are usually within one or two major percentiles of
the height; they represent variations in frame size and do
not necessarily reflect over- or undemutrition. The body
weight and height increments of a child with constitu-
tional thinness are depicted in Figure 10. Although his
body weight was two major percentile lines below the
height percentile, representing more than 20% body
weight deficit for height, the adolescent grew and devel-
oped normally. A body weight deficit for height that re-
mains constant and permits normal growth to proceed
along a set percentile cannot be construed as abnormal.
In contrast, a fall in growth associated with a poor rate of
weight gain may indicate NGR, even without an appre-
ciable body weight deficit for height (Figs. 8b,9a).

The pattern of growth and weight gain in NGR differs
from that of children with constitutional growth delay or
familial short stature. The latter type of patients grow at
constant rates, and their weight progression is also main-
tained in their respective percentiles after 3 years of age,
as described above. In infancy, the pattern of growth and
weight gain among constitutional growth delay and NGR
may be indistinguishable. However, the children with con-
stitutional growth delay usually recanalize their growth
and gain weight and height over time at appropriate levels,
and do not exhibit any nutritional intake alterations. There
may likewise be confusion at this stage in life between
NGR and the breastfed infants. The latter gain at appro-
priate rates when their length and weight are plotted in
specific growth charts for this type of infant as described
above.

Patients with nutritional growth retardation do not ap-
pear to be wasted, and the biochemical parameters of nu-
tritional status, including serum levels of retinol-binding
protein, prealbumin, albumin, transferrin, and triiodothy-
ronine (T3) levels, do not differentiate NGR patients from
those with familial or constitutional short stature (276).
Other indices of malnutrition, such as the urinary crea-
tine–height index or urinary nitrogen/creatinine ratio, do
not usually reflect abnormalities. The reason is that NGR
patients have adapted to their suboptimal nutritional in-
take and they maintain homeostasis by decreasing growth,
thereby reaching an equilibrium with preservation of all
nutritional markers. We also showed that IGF-1 levels
could not differentiate NGR patients from those with fa-
milial constitutional short-stature (276). This is in contrast
to other studies, which measured IGF levels and their
binding proteins (IGFBP) in fasting and in varying levels
of nutritional intake, both in rodents and in humans (277–
286).
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Figure 9 Growth pattern of nutritional dwarfing (a,b) compared with constitutional growth delay (c). a. Body weight gain and
height progression decreased after 10 years of age. Extrapolated weight after age 14 years revealed a body weight deficit based
on previous growth percentile. However, there was no body weight deficit for height; with nutritional rehabilitation, there was
recovery in weight gain and catch-up growth. b. In another patient there is a body weight deficit for height, but the deficit for
theoretical weight is more marked. (From Ref. 272.)

These studies showed that IGF-I is reduced in chil-
dren with protein–calorie malnutrition and in rats chron-
ically deprived of nutrients. Reductions in IGF-I concen-
trations were observed in fasted volunteers (281).
However, the degree of nutritional insufficiency in NGR
is not as severe as that observed in protein–calorie mal-
nutrition or fasting. The amount of nutrient restriction in
NGR may impair growth by altering other cellular mech-
anisms without affecting the serum IGF-I levels. Because
the energy restriction is mild, and NGR children consume
sufficient dietary protein, IGF-I concentrations may be
preserved within a range appropriate for bone age devel-
opment. Likewise, studies in rats showed IGF-I concen-
trations to be maintained within normal ranges or to im-
prove rapidly when diets containing 15% protein and 90%
of the total energy requirements were consumed (287,
288). Serum IGF BP-3 concentrations are likewise de-

creased in prolonged fasting and/or protein deficiency
states (284). However, alterations in IGFPB-3 levels in
more subtle forms of suboptimal nutrition like that ob-
served in NGR have not yet been studied.

On the other hand, we reported that NGR patients
show decreased activity of erythrocyte Na�, K�-ATPase
compared with familial short-stature children (276). This
enzyme is involved with the active transport of sugars and
amino acids and with cellular thermogenesis. It normally
accounts for approximately one-third of the basal energy
requirements (289). A diminished energy intake lowers the
basal metabolic rate (290) and decreases Na, K-ATPase
activity (291). Thus, it may be a good marker of NGR.
Because anthropometric parameters may be lacking or in-
accurate and biochemical markers may not be sufficient
to detect NGR, a more sensitive test is required for di-
agnosis. Erythrocyte Na�, K�-ATPase activity may offer
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Figure 9 Continued. c. Patient who does not have nutri-
tional dwarfing. This patient, with constitutional growth de-
lay, shows a body weight gain consistently along the lower
percentile, with no deviation in growth. Note that there was
no body weight deficit for height or for theoretical weight
based on previous growth. (From Ref. 272.)

Figure 10 Constitutional underweight for height. Note the
constant progression of both height and weight in the same
percentiles for at least 4 years. Even though there is body
weight deficit for height, there cannot be malnutrition be-
cause there must be a positive balance for growth to occur.
(From Ref. 272.)

such a diagnostic tool. To date, however, this assay has
not been widely available for clinical purposes, it is cum-
bersome, and can be applied only on a research basis.

B. Pathophysiology

Patients with nutritional growth retardation have reached
an equilibrium between their genetic growth potential and
their nutritional intake because growth deceleration is the
adaptive response to suboptimal nutrition (292, 293). Di-
minished growth brings the nutrient demands into balance
with the nutritional intake without adversely affecting bio-
chemical or functional homeostatic measures. Of course,
there are limits to these adaptive possibilities. If nutri-
tional deprivation becomes more severe, acute malnutri-
tion may be superimposed on the chronic state, leading to
NGR. In such patients, malnutrition would be reflected by

altered anthropometric measurements, such as weight and
skinfold thickness or biochemical indices.

It has been known for many years that diminished
energy intake leads to a reduced metabolic rate even be-
fore there is a loss of body weight. The rate of protein
synthesis may decrease in response to a reduction in en-
ergy intake, because this process is energy expensive and
accounts for 10–15% of the basal metabolic rate (294,
295). Protein catabolism is also sensitive to energy dep-
rivation. Reduction in dietary energy sources may lead to
an increased nitrogen flux in which protein breakdown is
accelerated to provide energy (296). Nitrogen retention
markedly increases during nutritional rehabilitation of
malnourished children (295, 297). In addition, nutritional
recovery normalizes the excretion of amino acids (296)
and increases the rate of protein synthesis (298). In NGR,
the result of the altered rates of protein turnover and ni-



Worrisome Growth 29

Figure 11 Nutritional dwarfing or growth hormone defi-
ciency? The patient was diagnosed to have GH deficiency at
age 10 years because of poor growth. However, because of
inadequate weight gain associated with decreased growth in-
crements, therapeutic trial with an adequate diet was tried in
lieu of growth hormone. Note the catch-up growth after the
initiation of nutritional rehabilitation. (From Ref. 272.)

trogen retention may be the cessation of normal growth
as an adaptive response to the decreased intake. In addi-
tion to suboptimal energy intake, various mineral and vi-
tamin deficiencies have been implicated in the causes of
NGR, as discussed below.

However, it remains controversial whether decreased
body size is an advantageous adaptation to a limited food
supply or whether adverse health and functional impair-
ments result (292, 293). It has been demonstrated that
physical activity is decreased with a 20% decrease in en-
ergy consumption (299), but other functional impairments
are more difficult to assess. The decreased growth velocity
nevertheless constitutes a functional compromise per se,
which should be detected and treated as early as possible.

C. Endocrine Adaptation

The changes in the endocrine system in response to un-
dernutrition are adaptive in nature and largely revert to
the ‘‘normal’’ state after nutritional status is improved
(300). Undernutrition may involve single or multiple mi-
cronutrient deficiencies, and thus any one or a combina-
tion of deficits could be the primary problem leading to
the endocrine alterations. A detailed description of the
hormonal alterations in malnutrition has been published
elsewhere (272, 300). However, it must be remembered
that most studies have been conducted in severely mal-
nourished patients, which may not accurately reflect more
subtle forms of suboptimal nutrition leading to NGR. For
example, although circulating growth hormone (GH) lev-
els are increased in severe malnutrition, we have shown
that pubertal NGR children show decreased overnight
growth hormone secretion and prepubertal subjects have
an increased growth hormone response to growth-hor-
mone-releasing hormone (GHRH) stimulation (72). An in-
teresting finding is that body composition is a significant
determinant of spontaneous growth hormone secretion. In
normal children with short stature, the degree of adiposity
modifies spontaneous growth hormone secretion and alters
the amplitude of growth hormone pulses in puberty and
the number of pulses in prepubertal children (72). Indeed,
NGR may be easily confused with growth hormone de-
ficiency or neurosecretory dysfunction if the deterioration
in weight progression is overlooked (Fig. 11). These pa-
tients respond to nutritional rehabilitation and do not re-
quire HGH treatment.

D. Causes

1. Organic Causes
Various pathological conditions that lead to decreased nu-
tritional intake or malabsorption may cause NGR (301).
Crohn’s disease, celiac disease, and cystic fibrosis are
some of the relatively more common pathological condi-
tions. However, any alteration that reduces energy intake
or excess energy expenditures may lead to decreased
growth. Also included are cardiac or renal diseases. When

the dietary intake is disturbed, as in patients with cleft
palate or other developmental disabilities, there may also
be NGR. The acquired immunodeficiency syndrome and
human immunodeficiency virus (HIV) infection were also
shown to be associated with short stature and poor growth,
that preceded any other manifestation of disease (Chapter
37) (302). However, the growth data in HIV-infected pa-
tients clearly indicate NGR because body weight progres-
sion failed to proceed at appropriate rates even before any
other symptom of the disease was apparent (303). It is
very likely that anorexia and decreased intake of nutrients
lead to suboptimal nutrition in HIV-infected patients and
cause NGR, even before other signs and symptoms of the
disease become apparent.

Chronic inflammatory bowel disease (CIBD) is usu-
ally associated with impaired linear growth, retarded skel-
etal maturation, and delayed sexual development. This
problem is estimated to occur in 5–10% of pediatric pa-
tients with ulcerative colitis and 25% of patients with
Crohn’s disease (304, 305). Growth failure may be the
first indication of CIBD and may precede disease-related
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symptoms (306). Therefore, the diagnosis of CIBD should
always be considered in children who cease to grow ad-
equately, even in the absence of gastrointestinal com-
plaints. Although the pathogenesis is influenced by age at
onset, duration of disease, disease activity, and medication
intake, suboptimal nutrition is now recognized as the pri-
mary factor in growth failure in Crohn’s disease (274).
Multifactorial nutritional alterations include a decreased
nutrient intake, impaired absorption of nutrients, specific
nutrient deficiencies, and enhanced protein losses through
the gastrointestinal tract. Decreased energy intake in chil-
dren with CIBD has been associated with anorexia and
the early satiety and discomfort that accompany eating.

The total daily calorie intake of CIBD patients usu-
ally is not above the recommended dietary allowance
(RDA) for height age (306). Multiple studies have docu-
mented catch-up growth when adequate energy is pro-
vided (304, 305). Various forms of nutritional support
(parenteral, elemental, or complex diet) have been em-
ployed, often resulting in decreased disease activity and
improved growth (307–309). In addition to energy and
protein deficits, other nutritional alterations may affect
growth in patients with CIBD. Iron deficiency, particularly
when there is blood loss through the stools, may com-
pound anorexia and poor growth (310). These patients
also may have magnesium deficiency (311) and zinc de-
ficiency (312). It has been shown that large enteric losses
of zinc occur in CIBD patients who have diarrhea and
small bowel disease. In addition, zinc absorption may be
reduced. Therefore, nutritional rehabilitation is essential
for the treatment of CIBD patients. This may reverse the
growth retardation and even improve the disease itself
(313–314).

Growth failure in association with gastrointestinal
symptoms is common in children with active CD. It has
been shown that up to 55% of patients with CD were
below the third percentile for height and up to 60% were
below the same percentile for weight. Failure to thrive
was present in 25% of children with celiac disease at the
time of diagnosis (315, 316). However, several investi-
gators have reported short stature as the sole manifestation
of CD (270, 315–317). These asymptomatic patients were
considered to have so-called occult celiac disease. The
prevalence of asymptomatic CD is highly variable. It was
reported to be present in up to 8% in some studies (270,
316), whereas in others it was higher: 24 and 48% (315,
317). This may be the result of geographic differences in
the prevalence of the disease and/or the level of suspicion
in recognizing these patients. The incidence of CD in the
western New York area, estimated by serum IgA–endo-
mysial antibody, has been reported to be 1:3752 (318).

The recognition of occult CD is dependent on the
alertness of the clinician to consider this entity as a cause
of short stature. Many asymptornatic CD patients have a
history of diarrhea at an early age or have iron deficiency.
They may also have other alterations when studied (e.g.,

increased stool fat, antigliadin, and antiendomysial anti-
bodies, low serum folate and ferritin levels) that point to
the possibility of CD (319–321) as the cause of short
stature. Although various methods may be used for
screening purposes, these are not diagnostic of CD (315,
317, 318). Therefore, a small bowel biopsy is the ‘‘gold
standard’’ for the diagnosis of this disease, and should be
performed in every short child showing NGR from un-
identified causes. A history of diarrhea during the first year
of life and/or the presence of iron deficiency in a short
patient should also warrant consideration of CD and there-
fore of a small bowel biopsy. The diagnosis of CD should
be confirmed by documentation of catch-up growth with
weight and height gain after institution of a gluten-free
diet, which is the only treatment available for the disease.
Long-term studies of children with CD suggest that those
who do not comply with the diet have significantly lower
mean heights and weights and a greater abnormality of
the intestinal mucosa than those who are compliant.

2. Nonorganic Causes
The prevalence of nonorganic NGR leading to malnutri-
tion and poor growth in affluent communities is unknown.
Only those patients whose height is markedly impaired
have been recognized thus far. However, suboptimal nu-
tritional intake may result in a fall in height within the
normal percentiles that may elude medical attention. In a
survey of 1017 high school students from a middle-class
parochial school, a high incidence of low-weight students
was reported. More than 25% of these students weighed
less than 90% of their ideal body weight for height, but
only 1.8% of them had growth patterns suggestive of
NGR (275). In a pediatric endocrine clinic in a referral
center in the same geographic area, we detected more than
300 patients with NGR.

The most common causes (73%) of nutritional alter-
ations that resulted in NGR and delayed sexual develop-
ment among adolescents referred to us were nonorganic.
There were patients in whom a specific fear or health be-
lief was identified as the cause of the poor nutritional in-
take leading to short stature (207, 226, 268, 272). A fear
of obesity or a fear of hypercholesterolemia was specifi-
cally verbalized by some. However, most patients with
nonorganic NGR expressed preoccupations that involved
similar issues of body weight and cholesterol and concern
with a so-called healthy dietary intake. They avoided ex-
cess dietary fat and cholesterol and what they termed junk
food (272). Regardless of the reason for the inadequate
nutritional intake, the result in these children was NGR.

These patients with inadequate dietary intake ap-
peared to be free of severe psychopathology. They did not
meet the inclusion criteria for severe eating disorders,
such as anorexia nervosa or bulimia nervosa. Moreover,
in a controlled, double-blind, prospective study, it was
demonstrated that these children did not have behavioral
or psychosocial deviations and did not differ from a group
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of normal or short-stature children (322). Thus, we con-
cluded that the dietary habits that led to NGR were a
result of the prevalence of current health beliefs and pre-
occupation with slimness, weight control, and the search
for longevity through the intake of idealized diets (35,
205, 207).

A recent national survey found that 31% of fifth grade
girls have dieted (323). Abramovitz and Birch explored
5-year-old girls’ ideas, concepts, and beliefs about dieting
(324). They found that 34–64% of the girls had ideas
about dieting and weight loss and understood the link with
body shape. Girls’ knowledge about how people diet is
inappropriate. These included descriptions of modified
eating behaviors, such as drinking diet shakes, sodas, eat-
ing more fruits and vegetables, special foods, and restric-
tive eating behaviors. Mothers seem to be modeling both
health-promoting and health-compromising eating behav-
iors to their daughters. Girls whose mothers reported cur-
rent or recent food restrictions were more than twice as
likely to have ideas about dieting (324). Another factor
found to influence girls’ ideas, concepts, and beliefs about
dieting is family history of overweight. The media was
also mentioned by 55% if the children as a source of
dieting ideas (325).

Neumark recently published results from a national
survey examining weight-related behaviors among 6728
American adolescents in grades 5–12 (323). Almost half
of the female population (45%) and 20% of male adoles-
cents reported dieting. Older female adolescents were sig-
nificantly more likely to diet than younger ones. Dieting
was reported by 31% of 5th graders and increased con-
sistently to 62% among 12th graders. The largest increase
was among female adolescents between the 8th (40%) and
9th (53%) grades. Thirteen percent of the girls and 7% of
the boys reported disordered eating behaviors. In another
study, Neumark found that in 3832 adults and 459 ado-
lescents from four regions of the United States, a high
percentage of them reported weight control behaviors.
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 (326).

Moses et al. showed that high school adolescents in
an affluent suburban location were dieting at a very high
rate (327). Forty-one percent of the adolescents were diet-
ing on the day of the survey. Sixty-seven percent of all
the adolescents had made on their own important dietary
efforts during the past 4–8 weeks. Dieting occurred in
normal-weight and underweight students. About 30% of
dieters were among the underweight and normal weight
for height. However, the proportion of the overweight stu-
dents who were dieting was relatively low: 50–60%.

Children not only diet but also worry about their body
appearance and distorted proportions about weight. More
and more children are concerned and dissatisfied with
their body image. Studies have shown that 55% of girls
and 35% of boys in grades 3–6 want to be thinner (328).

The Children’s Version of the Eating Attitude Test showed
a negative correlation with children’s BMI. It was found
that 4.8% of them had scores suggestive of anorexia ner-
vosa. Stice et al. found that 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 prospec-
tively predicted the emergence of childhood eating dis-
turbances. Infant feeding behavior and body mass during
the first month of life also predicted the emergence of
eating disturbances (329).

Parents who worry about their children becoming
overweight may set the stage for a vicious cycle. Johnson
and Birch found those parents who control what and how
much their children eat may impede energy self-regulation
and put these children at a higher risk for being over-
weight (330). Furthermore, the Framingham Children’s
Study showed that children whose parents had high de-
grees of dietary control had greater increases in body fat-
ness than did children whose parents had the lowest levels
of dietary restraint and noninhibition (331).

A distorted perception of ideal body weight, mani-
fested as below appropriate body weight for height, is
very prevalent among high school students. Adolescents
often know what their ideal weight should be, but some
prefer to be 10% less than their ideal weight for their
height (327). Health-compromising behaviors and the fear
of obesity may have detrimental consequences in children.
Inappropriate nutrient intake may lead to NGR, failure to
thrive, and various other nutritional problems (326).

There is also a high prevalence of extreme measures
taken by high school students to avoid obesity throughout
the country (327, 332, 333). In addition to dieting, they
may have inappropriate eating habits and purging behav-
iors. These data indicate just how powerful and important
it is for adolescents to achieve an ideal slim and trim
figure. Young persons, even when they are not over-
weight, diet to avoid obesity at a time when they are still
growing and developing (35, 327, 332, 333). Regardless
of their physical needs, they strive to reach a thin ideal,
consequently developing nutritional short stature (35,
327). In addition to growth retardation, other potential
medical complications may be associated with excessive
dieting, binging, and purging: electrolyte disturbances,
dental enamel erosion, acute gastric dilation, esophagitis,
enlargement of the parotid gland, aspiration pneumonitis,
and pancreatitis.

However, it must be kept in mind that the population
at large is also quite concerned about cholesterol and pre-
occupied with diets to lower cholesterol levels (334).
These concerns are also prevalent among children (335).
The medical profession and the American Academy of
Pediatrics have also recommended a low-fat–low-choles-
terol diet for the population at large in an effort to prevent
adult-onset diseases. However, there are potential harmful
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consequences of feeding children with adult diets (334).
A low-fat–low-cholesterol intake may lead to nutritional
short stature (35, 335) and nutrient deficits (272). A recent
study confirmed our observations demonstrating that chil-
dren on low-fat, low-cholesterol diets can easily ingest
inadequate nutrient intake (336).

Careful assessment of weight and height progression
will clearly identify children who are not gaining weight
and growing appropriately (204, 268, 301, 327). An
awareness by health care providers and pediatric endocri-
nologists of the prevailing eating attitudes and behaviors
among adolescents in the population of their practice’s
area may help detect the adolescent at risk for more se-
rious problems. Simple tests and questionnaires may help
to identify the patient with eating disorders (337). The 24
h dietary recall may identify short-stature patients who
have inappropriate dietary intake. Patients with obesity
constitute another group of children who often diet. Al-
though these children usually do not present to the pedi-
atric endocrinologist because of poor growth, when obe-
sity occurs in association with short stature there may be
concerns about their health. A variety of endocrine dis-
orders may affect obese children who do not grow well
(Chapter 28). Diet-related growth failure may be uncov-
ered by a careful history, thereby eliminating other con-
cerns. Weight loss is associated with a negative balance
that does not allow growth in height even if the child is
obese (338). Therefore, during the treatment of obesity in
children, allowances must always be made to maintain a
balance between the need of a patient to lose weight and
the nutritional requirements that allow growth in height.

Nutritional rehabilitation for NGR of nonorganic or-
igin requires providing the patient with adequate caloric
and nutrient intake for the restoration of previous growth
patterns. Initially, estimation of energy requirements
should be based on the age- and gender-specific RDA us-
ing the patient’s theoretical weight. Adequate intake of
protein usually accompanies sufficient caloric intake, but
care should be taken that micronutrient intakes meet the
RDA. If results of biochemical tests reveal specific defi-
ciencies, such as iron or zinc, these nutrients should be
supplemented. Some patients may not be willing or able
to consume a completely balanced diet and may require
a multivitamin and mineral supplement. A careful diet his-
tory can elucidate food preferences and eating patterns
that can be used to devise an appropriate dietary plan. Our
experience has been to offer general dietary suggestions
rather than to prescribe a specific diet. Frequent follow-
up visits provide an opportunity to revise and update di-
etary recommendations and to obtain weight and height
measurements.

Although the appropriate diet can be easily deter-
mined, successful intervention requires a change in dietary
patterns and possibly health beliefs as well. Increasing the
caloric density of the child’s diet often involves raising
the dietary fat content to at least 30–35% of calories. The

increase in fat consumption may concern both the child
and the parent, especially in patients who fail to grow
because of dieting. The assurance that an appropriate nu-
tritional intake will result in normal growth, without pro-
ducing obesity, is necessary supportive therapy. This is of
particular concern in the initial stages of the treatment,
when weight increases rapidly, whereas no noticeable ef-
fect on height is observed.

3. Vitamin and Mineral Deficiencies
Regardless of NGR’s cause, patients may present with
multiple vitamin and mineral deficiencies that contribute
to growth failure (272, 335). There may be generalized
malnutrition with multiple macro- and micronutrient def-
icits, or there may be more specific nutritional alterations,
as discussed below.

Vitamin A is an important nutrient for gene expres-
sion of growth hormone. Studies have shown an improve-
ment in linear growth in some subsets of supplemented
children (339). A study in Java found that children who
consumed small frequent amounts of vitamin A in fortified
monosodium glutamate experienced greater height gain
but similar weight gain to control children (340). In the
Sudan, dietary vitamin A intake, but not vitamin A sup-
plements given once every 6 months, was positively as-
sociated with greater weight gain and with linear growth
of children (341, 342). This suggests that small daily sup-
plements of vitamin A may be beneficial over and above
the benefits imparted by periodic doses of vitamin A.
However, in other intervention studies, vitamin A supple-
ments had no effect on either linear growth or weight gain
even when other vitamins and nutrients in addition to vi-
tamin A were supplemented. In a large placebo-controlled
study in Tamil Nadu, India, children were visited every
week and given a small dose of vitamin A or a placebo.
In spite of a large protective effect against mortality, the
supplements had no effect on growth (343).

Multiple postulated mechanisms link other vitamin
deficiencies with poor growth. These include iron, folate,
and/or B12 deficiency, which lead to poor oxygen delivery
to tissues, and to multiple metabolic pathways that alter
protein synthesis leading to impaired growth. Further-
more, there may be anorexia and inappropriate intake in
iron deficiency. Iron supplementation in school children
demonstrated beneficial effects on appetite, growth, and
anemia (344, 345). Vitamin-D-deficiency rickets can, of
course, present with growth failure and osteomalacia.

In several prospective cohort studies in developing
countries, the onset of stunting coincided with dietary de-
ficiencies of several micronutrients, including iron, zinc
and iodine (346). Height deficits were associated with
chronic deficits in energy and protein, as well as subop-
timal zinc levels. Multiple micronutrient deficiencies may
explain why supplementary feeding programs that aimed
at only increasing energy and protein intake resulted in
limited physical growth (347).
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Growth retardation caused by zinc deficiency in hu-
mans was first reported by Prasaad et al. in 1963. The
patients had remarkably short stature and hypogonadism.
They were shown to have zinc deficiency documented by
decreased zinc concentrations in plasma, erythrocytes, and
hair. Studies with 65Zn revealed that plasma zinc turnover
was greater, the 24 h exchangeable pool was smaller, and
the excretion of 65Zn in stool and urine was less in the
growth-retarded subjects than in the controls (348). Fur-
ther studies showed that the rate of growth was greater in
patients who received supplemental zinc than in those re-
ceiving only an adequate animal protein diet (349). Since
then, many cases of marginal or moderate growth impair-
ment in children with zinc deficiency as a consequence of
inadequate zinc intake have been reported from various
parts of the world (350, 351). It appears that zinc defi-
ciency is prevalent throughout the world in both devel-
oped and developing countries. Favier indicated that, de-
pending on the country, 5–30% of children had moderate
zinc deficiency, responsible for small-for-age height (352).
Those reports showed positive effects of oral zinc supple-
mentation on growth velocity in children with zinc defi-
ciency (349–352).

It is also well known that zinc deficiency in pregnant
women causes fetal growth retardation. Kirksey et al. re-
vealed a significant correlation between maternal plasma
zinc concentrations measured at midpregnancy and birth
weight (353). Neggers et al. reported that the prevalence
of low birth weight (LBW) infants was significantly
higher (eight times) among women with serum zinc con-
centrations in the lowest quartile in early pregnancy, in-
dependent of other risk factors (354). However, the effects
of zinc supplementation in pregnancy are not clear. It is
now speculated that zinc supplementation during preg-
nancy might be beneficial only in populations that are zinc
deficient and at high risk of poor fetal growth (355).

Marginal zinc deficiency seems to be prevalent in in-
fancy. Michaelsen et al. examined zinc intake and status
in healthy term infants from birth to 12 months of age in
Denmark, and found suboptimal zinc status in many sub-
jects during late infancy. They also reported that serum
zinc level at 9 months was positively associated with
growth velocity during the period from 6 to 9 months
(356).

The zinc status in short-stature patients with normal
GH secretion was tested by body zinc clearance studies
to detect the marginal zinc nutriture, and to evaluate the
effects of oral zinc supplementation (357). This Japanese
study indicated that about 60% of short children had mar-
ginal zinc deficiency. Oral zinc supplementation was ef-
fective on height gain in short boys with marginal zinc
deficiency, but not in girls. There was also a significant
correlation between the body zinc clearance values and
percentage increases in the growth velocity after oral zinc
supplementation, indicating that oral zinc supplementation
was most effective on height gain (357). The reason for

such a high incidence of marginal zinc deficiency in Jap-
anese short children may be mainly the recent prevalence
of precooked food, snacks, and convenience foods in their
diets. In 1993 Nakamura et al. conducted an age-matched
control study showing that oral zinc supplementation was
effective in improving the growth rate in short children
with marginal zinc deficiency. They reported that oral zinc
supplementation induced increases of serum IGF-1,
osetocalcin, and alkaline phosphatase activity (358).

There have been a few reports on the relationship
between zinc deficiency and GH secretory insufficiency.
Nishi et al. described a 13-year-old Japanese boy with
growth disturbance who had partial GH deficiency due
to chronic mild zinc deficiency. His diet was low in an-
imal protein and consisted primarily of rice and vegeta-
bles, because he disliked meats, fish, eggs, and dairy
products that were rich sources of zinc. His plasma zinc
level and GH responses to the pharmacological stimu-
lation tests were low. After 3 months of oral zinc sup-
plementation, however, his growth velocity improved
without GH replacement therapy, and his plasma zinc
levels and GH responses to those tests increased to the
normal range (359).

The mechanism by which zinc deficiency causes
growth disturbance has been controversial. Zinc is re-
quired for activities of more than 300 enzymes (zinc me-
talloenzymes), in which zinc is located at the active site,
including DNA polymerase, RNA polymerase, and thy-
midine kinase. Because these enzymes are important for
nucleic acid and protein synthesis and cell division, zinc
may be essential for growth. Furthermore, several hundred
zinc-containing nucleoproteins are probably involved in
gene expression of various proteins (349, 360).

Zinc deficiency may adversely affect GH production
and/or secretion (359). Since zinc has an important role
in protein synthesis, IGF-1 synthesis can be impaired by
zinc deficiency. Ninh et al. reported that low IGF-1 levels
in zinc-deprived rats were closely associated with de-
creased hepatic IGF-1 gene expression and with a dim-
inuation of liver GH receptors and circulating GH-binding
protein (GHBP). They also suggested that decreased he-
patic GH receptors and/or GHBP concentrations might be
responsible for the decline of circulating IGF-1 in zinc-
deficient animals (361).

The presence of a large amount of zinc in bone tissue
suggests that zinc plays an important role in the devel-
opment of skeletal systems (362). Retardation of bone
growth is a common finding in various conditions asso-
ciated with zinc deficiency. Zinc has a stimulatory effect
on bone formation and mineralization (363). Zinc is re-
quired for alkaline phosphatase activity and the enzyme
is mainly produced by osteoblasts whose major function
is to provide calcium deposition in bone diaphysis. The
administration of vitamin D3 or zinc produced a signifi-
cant increase in bone alkaline phosphatase activity and
DNA content was synergistically enhanced by the simul-
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taneous treatment with zinc (363). The receptors for 1,25-
dihydroxyvitamin D3 were shown to have two zinc fin-
gers at the site of interaction with DNA (364). One
possible function of zinc is to potentiate the interaction of
the 1,25-dihydroxyvitamin D3 receptor complex with
DNA at that site. Zinc also directly activates aminoacyl-
tRNA synthetase in osteoblasts, and it stimulates cellular
protein synthesis. Moreover, zinc has an inhibitory effect
on osteoclastic bone resorption by suppressing osteoclast-
like cell formation from marrow cells (362).

Zinc deficiency should be considered as a causative
factor in some children with unexplained short stature.
Oral zinc supplementation should be considered as the
growth-promoting therapy for children with short stature
once the status of their zinc nutrition is established. Not
all zinc intervention studies have found improved growth
patterns in subjects receiving supplements. Rosado et al.
performed a randomized clinical trial among young Mex-
ican children, comparing daily doses of iron, zinc, both,
or placebo (365). Others have also reported no effect of
zinc supplementation on growth rates (366, 367), and
some have hypothesized that the presence of multiple
micronutrient deficiencies may be at least in part to
blame (368, 369). Prentice reported that zinc supplemen-
tation failed to show beneficial effects on height gain in
Guatemalan children, although the relatively short sup-
plementation period of 25 weeks might have been insuf-
ficient to detect subtle changes in growth velocity (370).
A systematic review of 25 clinical trials that evaluated
the impact of zinc supplementation on growth found a
significant pooled effect of an increment of 0.22 standard
deviations (SD) on height and 0.26 SD on weight (371).
The greatest impact of zinc supplementation was found
in stunted children (in whom an increase of 0.49 SD was
found in height), and in those with low initial zinc con-
centrations.

XI. LABORATORY AIDS IN
DIFFERENTIATING SHORT STATURE

Any patient who falls below the third percentile in height
and/or has decreased growth rates (falling across the ma-
jor percentiles) should receive a complete diagnostic eval-
uation. Because there are multiple causes of short stature
and growth retardation, laboratory investigation should be
geared toward confirming or ruling out the differential di-
agnoses based on information obtained from history and
physical examination. It is important to assess, in addition
to the growth rates: history of chronic illness and medi-
cations, midparental and target height, birth size, growth
pattern, nutritional state, pubertal stage, body segment
proportions, bone age, and predicted adult height. The fol-
lowing simple laboratory screening tests may be per-
formed: urinalysis, urine metabolic screening, hemoglo-
bin, hematocrit and ferritin levels, measurement of
sedimentation rate and creatine phosphokinase (CPK), ve-

nous blood gases with simultaneous urine pH, liver and
kidney function tests, and antigliadin and antiendomyacil
antibodies.

A karyotype is imperative in every girl with short
stature, even in the absence of the stigmata of Turner syn-
drome. Children who demonstrate skeletal abnormalities
on physical examination deserve evaluation for metabolic
bone disease, such as mucopolysaccharidosis, mucolipi-
dosis, and gangliosidosis (Chapter 4). In addition, skeletal
abnormalities should be looked for in accordance with
body proportion alterations detected on physical exami-
nation (i.e., hypochrondroplasia) (46, 58, 95).

Endocrine causes of short stature and/or poor growth
may be determined by evaluating thyroid function and
assessing the hypothalamic–pituitary axis (Chapters 2, 3,
and 38). Examination of the eye grounds and visual fields
should be done, but a magnetic resonance imaging (MRI)
scan may be necessary if hypopituitarism is considered. A
thorough nutritional assessment should be made if there
is a growth pattern of NGR. If zinc deficiency is sus-
pected, serum zinc levels may be obtained, but they are
usually not sufficient to establish the diagnosis. Other tests
may be necessary before treatment is instituted as de-
scribed above.

A number of tests to assess growth hormone status
have been devised using various provocative tests: insulin,
L-dopa, arginine, clonidine, and other agents (372).
Growth hormone is secreted at intervals and random
growth hormone measurements are useless. Estrogen and/
or androgen priming before provocative testing is also
useful in Tanner I or Tanner II children to differentiate
between GH deficiency and constitutional growth delay
(373, 374). A frequent test is to measure GH after exercise
(375). Pituitary function may also be evaluated compre-
hensively using a combined hormonal stimulation test
(376). This utilizes sequentially administered insulin or
arginine or L-dopa, thyrotropin-releasing hormone, and
gonadotropin-releasing hormone. In addition, deficiency
of GHRH may be ruled out by giving human pituitary
GHRH and evaluating the patient’s growth hormone re-
sponse. So-called neurosecretory growth hormone dys-
function can be determined by performing an overnight
growth hormone study and assessing growth hormone
pulsatile secretions under physiological conditions, such
as sleep.

The indications for this test are for those patients who
may demonstrate a normal growth hormone response to
pharmacological stimuli, but may not be able to secrete
growth hormone under physiological conditions (377–
379). However, there is no completely reliable test for
diagnosing or excluding growth hormone deficiency in
short children (Chapters 2, 3). IGF-I and IGFBP levels are
decreased in growth hormone deficiency and may help in
differentiating short children with growth hormone defi-
ciency (380–383). However, these tests are not useful in
NGR or younger patients. Measuring levels of GHBP or
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IGFBP may also help differentiate the different condi-
tions, as well as IGF levels and their response to exoge-
nous growth hormone administration. Details of the fore-
going tests and procedures are described in Chapter 41.
However, it should be kept in mind that growth measure-
ments over time are better guidelines than many of the
tests mentioned above. Indeed without the clinical growth
data, the results of the tests are hard to interpret.

XII. FINAL CONSIDERATIONS

Short children and their parents face a number of specific
psychosocial problems. These problems are frequently as-
sociated with the developmental stage of (384) the child’s
life. The parents frequently have difficulty in accepting
the child’s height and in treating the child according to
age level. By 7 or 8 years of age the child usually has
become acutely aware of his or her short stature. The teen-
age years are much more difficult for the short-stature
child than for the child of normal or mildly abnormal
height. The problems of short stature are often com-
pounded by lack of sexual development and withdrawal
from heterosexual social activities or by other transition
periods, such as moving to a new school or community.
Despite these developmental problems, the short individ-
ual frequently makes an adequate adjustment to life as an
adult (384).

Other issues transcend the purely developmental as-
pects of short stature, such as the general personality
mechanisms of the small child and his or her parents. Of
importance are the school achievements of such children
and the specific techniques they develop in coping more
effectively with their environment. One of the most im-
portant problems of short people is being treated in an
infantile manner, appropriate for their size, but not for
their age. Some short people respond to being treated as
a younger child by behaving immaturely (Peter Pan
reaction). Others rebel against being pampered and
sometimes develop various neurotic and psychosomatic
symptoms, including denial, withdrawal, phobias, and
compensatory fantasies. Still others find a more satisfac-
tory solution in the reaction of ‘‘mascotism.’’

Frankness (diplomatic rather than brutal) is desirable
in counseling short and dwarfed people about their situ-
ation in life. They are then able to plan the future realis-
tically, to discuss the taboos that beset them, and to perfect
techniques in dealing with silly comments about their size
and age. Emotional deprivation and neglect may cause a
certain type of dwarfism (385). This may be the primary
problem and, when resolved, growth occurs. Short stature
is not typically associated with intellectual defect (386).
Dwarfed people may expect to be employed and, under
some circumstances, graduate from college. Short people
can meet one another by joining such organizations as
Little People of America, P.O. Box 622, San Bruno, CA
94006; the Human Growth Foundation, Inc., 4607 David-

son Drive, Cherry Lane, MD 20815; or Magic, 1327
North Harlem Drive, Oak Park, IL 60302. They may le-
gitimately hope for romance, marriage, and a successful
sex life and should consider help regarding their height
through the use of footwear that may increase their size
without other major procedures or therapies (Elevators,
Richlee Shoe Co., P.O. Box 3566, Frederick, MD 21705,
Tel 1-800-290TALL).
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I. INTRODUCTION

Disorders involving the growth hormone (GH) pathway
result in insulin like growth factor-I (IGF-I) deficiency or
ineffectiveness and may be congenital or acquired. Con-
genital GH deficiency is associated with structural mal-
formations of the central nervous system, hypothalamus,
or pituitary. IGF-I deficiency/resistance may result from
genetic defects involving critical factors in the embryo-
logical development of the pituitary or in the cascade from
hypothalamic stimulation of GH release to completion of
IGF effects on growth. Acquired abnormalities affecting
the GH/IGF axis range from damage to the hypotha-
lamic–pituitary region from tumors, infection, autoim-
mune disease, or radiation to a broad spectrum of chronic
conditions characterized by catabolism.

The frequency of GH deficiency (GHD) has been es-
timated in various studies to range from 1:4000 to
1:10,000 (1). Estimates based on clinic referral popula-
tions are inherently biased. An excellent population-based
study of 80,000 schoolchildren in Salt Lake City docu-
mented growth rates over 1 year; of the 555 children who
were below the third percentile in height and had growth
rates <5 cm/year, 16 had previously undiagnosed GHD.
Combined with known instances in the population (i.e.,
children being treated for GHD), this gave a prevalence
estimate of 1:3500 in the school-age population (2). An
estimate of relative contributions of organic and idiopathic
or genetic causes can be gleaned from the large post mar-
keting databases of manufacturers of recombinant human
(rh) GH. Among >20,000 children being treated with
rhGH registered in the National Cooperative Growth
Study, �25% of those with proven GHD had an organic

cause. Nearly half of these (47%) were central nervous
system (CNS) tumors, including craniopharyngioma, 15%
were CNS malformations, 14% septo-optic dysplasia, 9%
leukemia, 9% CNS radiation, 3% trauma, 2% histiocyto-
sis, and 1% CNS infection (3). Comparable findings were
obtained in the European postmarketing surveillance study
(Kabi International Growth Study; KIGS). Some 22% of
approximately 15,500 children with GHD had an organic
cause, congenital in 24% of this subgroup. The most com-
mon central malformation was empty sella, accounting for
37%, followed by septo-optic dysplasia in 24% of those
with congenital organic GHD. Among the 76% of patients
with organic GHD considered acquired, craniopharyn-
gioma accounted for 24% and other CNS tumors for 30%,
leukemia 16%, histiocytosis 3.5%, trauma 3%, and CNS
infection 1% (4).

II. PITUITARY GLAND, GROWTH
HORMONE, AND IGF-I

A. Embryology of the Pituitary Gland

The pituitary, traditionally considered the ‘‘master gland,’’
appears early in embryonic life. At 3 weeks’ gestation, the
ectodermal stomodeum of the embryo develops an out-
pouching anterior to the buccopharyngeal membrane. This
outpocketing is Rathke’s pouch, which usually separates
from the oral cavity and will give rise to the adenohy-
pophysis of the pituitary gland. An evagination of the di-
encephalon then gives rise to the neurohypophysis of the
pituitary gland. In rare cases, the primitive oral cavity or-
igin of the pituitary results in a functional pharyngeal ad-
enohypothesis (5). The fetal pituitary gland consists of the



48 Rosenbloom and Connor

pars distalis (anterior lobe), pars nervosa (posterior lobe),
and the pars intermedia (6). Secretion of pituitary hor-
mones can be detected as early as week 12 in the fetus,
and some of these hormones are found within the pituitary
by 8 weeks’ gestation (7). Average newborn pituitary
weight is 100 mg.

Differentiation of the primordial pituitary gland re-
quires a cascade of factors to be expressed in critical tem-
poral and spatial relationships. These include extracellular
signaling factors from the adjacent diencephalon that ini-
tiate anterior pituitary gland development from the oral
ectoderm, and transcription factors that control pituitary
cell differentiation and specification. Several homeodo-
main transcription factors directing embryological devel-
opment of the anterior pituitary have been found to have
mutations that result in congenital defects affecting the
synthesis of GH and one or more additional pituitary hor-
mones (9, 10).

The homeobox gene expressed in embryonic stem
cells (HESX1) is important in development of the optic
nerve, as well as of the anterior pituitary. HESX1 has also
been referred to as the Rathke’s pouch homeobox gene
(Rpx). The three mutations that have been described ac-
count for a small minority of instances of septo-optic dys-
plasia with variable GH and other pituitary deficiencies
(11).

LIM-type homeodomain proteins (named for the 3
homeodomain proteins lin-11, Islet-1, and mec-3), known
as LHX3 accumulate in the Rathke pouch and the pri-
mordium of the pituitary and are thought to be involved
in the establishment and maintenance of the differentiated
cell types (12). Only four patients in two families have
been described with mutations of this transcription factor,
which results in deficiencies of all pituitary hormones ex-
cept adrenocorticotropin, and cervical spine rigidity indi-
cating extrapituitary function for this factor (13).

Prophet of Pit1 (PROP1) represses HESX1 expres-
sion at the appropriate time and is required for initial de-
termination of pituitary cell lineages, including gonado-
tropes and those of Pit1 (GH, thyroid-stimulating
hormone [TSH], prolactin [PRL]). Nine recessive muta-
tions have been described in PROP1 that result in GH,
PRL, TSH, gonadotropin, and variable adrenocorticotro-
pin (ACTH) deficiency. Eleven recessive and four domi-
nant mutations have been reported affecting the Pit1 gene,
with resultant GH, PRL, and TSH deficiency (10, 14).

Somatotroph development is also dependent on hy-
pothalamic GH-releasing hormone (GHRH). Mutation in
the gene encoding the GHRH receptor results in severe
GH deficiency (15, 16).

B. Functional Anatomy of the
Pituitary Gland

The adult pituitary weighs 0.5 g and has average dimen-
sions of 10 � 13 � 6 mm (Fig. 1). The pars intermedia
is vestigial in the adult, except in pregnancy. The adeno-

hypophysis receives hormonal modulating signals from
the hypothalamus, transmitted from ventromedial and in-
fundibular nuclei axons that terminate in the hypophyseal
portal system. These signals result in production of spe-
cialized cells of the pars distalis of ACTH by 8 weeks
gestation, TSH by 15 weeks gestation, somatotropin (GH)
by 10–11 weeks gestation, prolactin by 12 weeks, and the
gonadotropes, luteinizing hormone (LH) and follicle-stim-
ulating hormone (FSH) by 11 weeks,. The pars distalis
has at least three distinct hormone-producing cell popu-
lations classified by staining characteristics (8). Fifty per-
cent of the cells are chromophobes, 40% are characterized
as acidophils, and the remainder as basophils. Acidophils
secrete GH or prolactin. Basophils secrete TSH, LH, FSH,
or ACTH. Some basophils have a positive periodic acid–
Schiff (PAS) base reaction: these are the cells that secrete
the glycoproteins LH, FSH, or TSH. Although chromo-
phobe cells are known to produce ACTH in the rat pitu-
itary, the role of these cells in the human pituitary remains
unclear.

Anterior pituitary hormones enter the portal venous
system to drain into the cavernous sinus, enter the general
circulation, and ultimately exert long-distance influence
over their respective target organs. PRL has an effect on
lactation through direct effects on breast ductal tissue.
ACTH stimulates the adrenal cortical production of cor-
tisol and affects renal reabsorption of water. TSH pro-
motes growth of the thyroid and production of thyroxine.
LH and FSH stimulate gonadal maturation and hormonal
cycling. GH exerts indirect growth effects through the
elaboration of IGF-I in the liver, direct growth effects on
bone, and direct metabolic effects, primarily in adipose
tissue. Although the pars intermedia had been identified
as a site of possible melanocyte-stimulating hormone
(MSH) production, more recent studies suggest that MSH
is actually being produced in the pars distalis and enters
the portal venous system to exert a distant effect on skin
pigmentation (17).

The pars nervosa, or infundibular process, and the
infundibulum, or neural stalk, comprise the neurohy-
pophysis. The infundibulum consists of the pituitary stalk
and median eminence and is the direct connection to the
hypothalamus. The neurohypophysis receives, stores, and
releases two important hormones produced in the hypo-
thalamus. These hormones, oxytocin and arginine vaso-
pressin, originate in the supraoptic and paraventricular nu-
clei of the hypothalamus. The 100,000 axons of these
nuclei are unmyelinated and form the supraopticohy-
pophyseal tract that transports oxytocin and vasopressin
to be stored in the posterior lobe of the pitutitary (7, 18).

The rich blood supply of the pituitary gland is subject
to interruption during periods of severe hypotensive stress
and hypoxia, resulting in the Sheehan syndrome of hy-
popituitarism. This is classically described after intrapar-
tum hypotension, but is possible in any hypovolemic crisis
or increased intracranial pressure episode, as in hypopi-
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Figure 1 Diagrammatic illustration of the pituitary gland, showing anatomical divisions. (From Ref. 20.)
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Figure 2 Diagrammatic illustration of pituitary blood supply. (From Ref. 20.)

tuitarism following recovery from cerebral edema (19).
The internal carotid arteries supply the vascular branches
that bathe the pituitary. The right and left superior hy-
pophyseal arteries, which branch into anterior and poste-
rior divisions, supply the median eminence and infundib-

ulum. The neurohypophysis and stalk are supplied by the
right and left inferior hypophyseal arteries. The hypoph-
yseal portal vessels, which originate from capillary beds
in the median eminence and infundibular stem, supply the
pars distalis (Fig. 2) (18, 20).
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Figure 3 Simplified diagram of the GH-IGF-I axis involving hypophysiotropic hormones controlling pituitary GH release,
circulating GH binding protein and its GH receptor source, IGF-I and its largely GH-dependent binding proteins, and cellular
responsiveness to GH and IGF-I interacting with their specific receptors. (Reprinted from Trends in Endocrinology and Metab-
olism, vol. 5, Rosenbloom AL, Guevara-Aguirre J, Rosenfeld RG, Pollock BH, Growth in growth hormone insensitivity, pages
296–303. � 1994, with permission from Elsevier Science.)

C. Biochemistry and Physiology of the
GH/IGF-I/IGF-Binding Protein Axis

1. GH
Human GH is a single-chain, 191 amino acid, 22 kD pro-
tein, containing two intramolecular disulfide bonds (21).
Release of GH from the anterior pituitary somatotrophs is
controlled by the balance between stimulatory GHRH and
inhibitory somatostatin (SS) from the hypothalamus (Fig.
3). This balance is regulated by a variety of neurological,
metabolic, and hormonal influences; numerous neuro-
transmitters and neuropeptides are involved. These in-
clude vasopressin, corticotropin-releasing hormone, thy-
rotropin-releasing hormone, neuropeptide Y, dopamine,
serotonin, histamine, norepinephrine, and acetylcholine,
which respond to various circumstances that affect GH
secretion such as sleep, fed–fasting state, stress, and ex-
ercise. Other hormones including glucocorticoids, sex
steroids, and thyroid hormone also influence secretion of
GH. These various influences are important in the evalu-
ation of GH secretion, which may give abnormal results
despite normal somatotroph function.

Stimulation of GH release by GHRH is via specific
GHRH receptors. A number of synthetic hexapeptides, re-
ferred to as GH-releasing peptides (GHRPs), have been
developed that act on other receptors to stimulate GH re-
lease (22, 23). The naturally occurring ligand for the
GHRP receptor, ghrelin, has been isolated and cloned
(24). Ghrelin is unique among mammalian peptides in its
requirement of a posttranslational modification for acti-
vation. This involves addition of a straight chain octanyl
group conferring a hydrophobic property on the N ter-
minus that may permit entry of the molecule into the
brain. Similarly to synthetic GHRPs, ghrelin binds with
high affinity and specificity to a distinct G protein-coupled
receptor (25). Unlike GHRH, ghrelin is synthesized pri-
marily in the fundus of the stomach (24), as well as in
the hypothalamus (26) and its receptor is more widely
distributed than that of GHRH. Ghrelin may have wide-
spread metabolic effects in addition to being synergistic
with GHRH in the stimulation of GH release.

Some 75% of circulating GH is in the 22 kD form.
Alternative splicing of codon 2 results in a deletion of 11
amino acids and formation of a 20 kD fragment account-
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ing for 5–10% of secreted GH. Other circulating forms
include deamidated, N-acetylated, and oligomeric GH.
About 50% of GH circulates in the free state, the rest
bound principally to GH binding protein (GHBP). Be-
cause the binding sites for the radioimmunoassay of GH
are not affected by the GHBP, both bound and unbound
GH are measured (27).

2. GHBP
A high-affinity GHBP was identified in rabbit and human
serum in the mid-1980s (28), and separate reports in 1987
found this binding protein to be absent in the sera of pa-
tients with GH resistance (29, 30), who were identified by
high circulating GH concentration with a clinical picture
of severe GH deficiency. The recognition that circulating
GHBP in rabbit serum corresponded to liver cytosolic
GHBP was followed by the purification, cloning, and se-
quencing of human GHBP (31). The human GHBP was
found to be structurally identical to the extracellular hor-
mone-binding domain of the membrane bound GH recep-
tor (GHR). The entire human GHR gene, localized to the
proximal short arm of chromosome 5, was subsequently
characterized (32). The GHR was the first to be cloned of
a family of receptors that includes the receptor for pro-
lactin and numerous cytokine receptors. Members of this
family share ligand and receptor structure similarities, in
particular the requirement that the ligand bind to two or
more receptors or receptor subunits and interact with sig-
nal transducer proteins to activate tyrosine kinases (33).

In humans, GHBP is the proteolytic product of the
extracellular domain of the GHR. This characteristic per-
mits the assaying of circulating GHBP as a measure of
cellular-bound GHR, which usually correlates with GHR
function. The GH molecule binds to cell surface GHR,
which dimerizes with another GHR so that a single GH
molecule is enveloped by two GHR molecules (34). The
intact receptor lacks tyrosine kinase activity, but is closely
associated with JAK2, a member of the Janus kinase fam-
ily. JAK2 is activated by binding of GH with the GHR
dimer, which results in self-phosphorylation of the JAK2
and a cascade of phosphorylation of cellular proteins. In-
cluded in this cascade are signal transducers and activators
of transcription (STATs), which couple ligand binding to
the activation of gene expression, and mitogen-activated
protein kinases (MAPK). Other effector proteins have also
been examined in various systems. This is a mechanism
typical of the growth hormone/prolactin/cytokine receptor
family (27, 35).

The GH receptor in humans is also synthesized in a
truncated form (GHRtr) lacking most of the intracellular
domain. Although the quantity of this GHRtr is small rel-
ative to the full-length GHR, release of GHBP from this
isoform is increased (36). Some of the changes in body
composition that occur with GH treatment in GH defi-
ciency may be related to changes in the relative expression
of GHR and GHRtr (37).

3. IGF-I
Most of the growth effect that gives GH its name is in-
direct, via stimulation of IGF-I production, primarily in
the liver (38). IGF-I is a 70 residue single-chain basic
peptide, and IGF-II a slightly acidic 67 residue peptide.
Their structure is similar to that of proinsulin: A and B
chains connected by disulfide bonds and a connecting C-
peptide, but unlike the posttranslational processing of in-
sulin, there is no cleavage of the C-peptide. The two IGFs
share approximately two-thirds of their possible amino
acid positions and are 50% homologous to insulin (39,
40). The connecting C-peptide is 12 amino acids long in
the IGF-I molecule and 8 amino acids long in IGF-II, and
has no homology with the comparable region in the proin-
sulin molecule. The IGFs also differ from proinsulin in
having carboxy terminal extensions. These similarities and
differences from insulin explain the ability of IGFs to bind
to the insulin receptor and insulin’s ability to bind to the
type 1 IGF receptor, as well as the specificity of IGF bind-
ing to the IGFBPs.

4. IGFBPs
Hepatic IGF-I circulates almost entirely bound to IGF-
binding proteins (IGFBPs), with <1% being free. The
IGFBPs are a family of 6 structurally related proteins with
a high affinity for binding IGF. At least 4 other related
proteins with lower affinity for IGF peptides have been
identified and are referred to as IGFBP-related proteins
(41). The principal BP, IGFBP-3, binds 75–90% of cir-
culating IGF-I in a large (150–200 kD) complex consist-
ing of IGFBP-3, an acid-labile subunit (ALS), and the IGF
molecule. ALS and IGFBP-3 are produced in the liver as
a direct effect of GH. The remainder of bound IGF is in
a 50 kD complex with mostly IGFBP-1 and IGFBP-2.
IGFBP-1 concentrations are controlled by nutritional
status as reflected in insulin levels, with the highest
IGFBP-1 concentrations found in the fasting, hypoinsu-
linemic state. The circulating concentration of IGFBP-2 is
less fluctuant and partly under the control of IGF-I; levels
are increased in IGF-I deficiency due to GH insensitivity,
but increase further with IGF-I therapy (42).

The actions of IGFBPs are under intense investigation
(38, 43, 44). The IGFBPs modulate IGF action by con-
trolling storage and release of IGF-I in the circulation and
influencing its binding to its receptor, facilitate storage of
IGFs in extracellular matrices, and exert independent ac-
tions. IGFBPs 1, 2, 4, and 6 inhibit IGF action by pre-
venting binding of IGF-I with its specific receptor. The
binding of IGFBP-3 to cell surfaces is thought to decrease
its affinity, effectively delivering the IGF-I to the type 1
IGF receptor. IGFBP-5 potentiates the effects of IGF-I in
a variety of cells. Its binding to extracellular matrix pro-
teins allows fixation of IGFs and enhances binding to hy-
droxyapatite. IGFs stored in such a manner in soft tissue
may enhance wound healing. IGF-independent mecha-
nisms for IGFBP-1 and IGFBP-3 proliferative effects have
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Figure 4 Components of the IGF-IGFBP-IGF/IGFBP receptor axis. (Reprinted from Collett-Solberg PF, Cohen P. Genetics,
chemistry, and function of the IGF/IGFBP system. Endocrine 2000; 12:121–136, with permission from Humana Press.)

been demonstrated in vitro and nuclear localization of
IGFBP-3 has been reported. In addition to IGFBP phos-
phorylation and cell surface association determining the
influence of IGFBPs, specific protease activity, particu-
larly affecting IGFBP-3, is also important in the modu-
lation of IGF action in target tissues. The proteolytic ac-
tivity may alter the affinity of the binding protein for
IGF-I, resulting in release of free IGF-I for binding to the
IGF-I receptor (38, 43, 44).

5. IGF Receptors
IGF binding involves three types of receptors: the struc-
turally homologous insulin receptor and type 1 IGF re-
ceptor and the distinctive type 2 IGF-II/mannose-6-phos-
phate receptor (Fig. 4). Splice variants and atypical forms
occur but have not been found to have physiological sig-
nificance, Insulin/IGF-I hybrid receptors, however, are
ubiquitous and may be the most important receptors for
IGF-I in some tissues (44).

The type 1 IGF-I receptor and insulin receptor are
heterotetramers consisting of two alpha subunits that con-
tain the binding sites and two beta subunits containing a
transmembrane domain, an ATP-binding site, and a tyro-

sine kinase domain comprising the signal transduction
system (44). The IGF-I receptor is able to bind IGF-I and
IGF-II with high affinity but the affinity for insulin is ap-
proximately 100-fold less. Although the insulin receptor
has a low affinity for IGF-I, IGF-I is present in the cir-
culation at molar concentrations 1000 times those of in-
sulin. Thus, even a small insulin-like effect of IGF-I could
be more important than that of insulin itself, were it not
for the IGFBPs that control the availability and activity
of IGF-I. In fact, intravenous infusion of rhIGF-I can in-
duce hypoglycemia, especially in the IGFBP-3-deficient
state (45). It is not known why IGF-II and M6P share a
receptor. This receptor differs from the type 1 receptor in
binding only IGF-II with high affinity, IGF-I with low
affinity, and insulin not all (44).

D. Role of IGF-I in Growth

The importance of IGF-I in normal intrauterine growth in
humans has been demonstrated in a single patient with a
homozygous partial deletion of the IGF-I gene (46), and
in a second patient with inactivating mutations of the IGF-
I receptor (47), both having severe intrauterine growth
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Table 1 Metabolic Effects of GH and IGF-I

GH IGF-I

GH secretion — Decreased
IGF-I production Increased —
IGFBP-1 Decreased Decreased
IGFBP-2 Decreased Increased
IGFBP-3 Increased No effect
Insulin: secretion

sensitivity
Increased
Decreased

Decreased
Increased

Hepatic glucose output Increased Decreased
Muscle glucose uptake Decreased Increased
Lipolysis Increased No effecta

Nitrogen balance Increased Increased
Protein synthesis Increased Increased

aDecreased with very high dosages.

retardation. Cord serum IGF-I and IGF-II concentrations
correlate with birth weight and are significantly increased
in large for gestational age infants compared with appro-
priate for gestational age newborns (48). Intrauterine IGF-
I synthesis, however, does not appear to be GH dependent,
because most patients with genetically determined severe
IGF-I deficiency, due to GHRH defects, GH receptor de-
ficiency (GHRD), or GH gene mutations, have normal or
only minimally reduced intrauterine growth. Standard de-
viation score (SDS) for length declines rapidly after birth,
however, in these conditions, demonstrating the immedi-
ate need for GH-stimulated IGF-I synthesis for postnatal
growth (49). Growth velocity in the absence of GH is
approximately half normal (49).

The metabolic and growth effects of GH and IGF-I
are compared in Table 1. In addition to direct protein-
sparing effects and synthesis and release of IGF-I from
the liver, GH stimulates autocrine and paracrine produc-
tion of IGF-I in other tissues, primarily bone and muscle
(Fig. 3). GH has a direct effect on differentiation of pre-
chondrocytes into early chondrocytes, which in turn se-
crete IGF-I. This local IGF-I stimulates clonal expansion
and maturation of the chondrocytes, resulting in growth
(50). It is estimated that 20% of GH-influenced growth is
the result of the direct effect of GH on maturing bone and
the autocrine/paracrine production of IGF-I in this tissue
(51). Treatment studies of children with GHRD given
IGF-I compared to GH-deficient patients treated with GH
support this hypothesis (52, 53). IGF-II is considered an
important growth factor in utero, but its role in extrauter-
ine life is unclear; concentrations of IGF-II in serum par-
allel those of IGF-I.

III. CLASSIFICATION OF DISORDERS
INVOLVING THE GH/IGF-I AXIS

The classification in Table 2 is based on the fundamental
role of IGF-I, with primary IGF-I deficiency referring to

genetic and acquired defects in IGF-I synthesis, secondary
IGF-I deficiency including congenital and acquired GH
insensitivity, tertiary IGF-I deficiency including congeni-
tal and acquired forms of GH deficiency, and IGF-I in-
sensitivity.

IV. CONGENITAL GH DEFICIENCY

A. Hypothalamic–Pituitary Malformations

Anterior and posterior pituitary deficiencies associated
with various congenital syndromes affecting the hypo-
thalamus, the pituitary, or both may be discovered through
magnetic resonance imaging (MRI) of the hypothalamus
and pituitary gland. These abnormalities may result in ap-
parent deficiencies in infancy or not until later in child-
hood.

Anencephaly has long been recognized as a cause of
an ectopic, hypoplastic, or malformed pituitary gland (54,
55). Slightly less severe in the clinical spectrum of major
cranial malformations, holoprosencephaly is commonly
associated with hypothalamic defects resulting in pituitary
hormone deficiency. Associated defects can range from
cyclopia to hypertelorism, with varying coexistent defects,
including palatal or lip clefts, nasal septal aplasia, or, in
surviving older children, a single central incisor (56, 57).
Schizencephaly, sometimes identified by MRI during
evaluation of gait disturbance, can also be associated with
hypothalamic–pituitary malformation. Lastly, even iso-
lated cleft lip or palate may be associated with hypotha-
lamic or pituitary defects (58, 59).

Septo-optic dysplasia (SOD) is another malformation
syndrome closely associated with hypopituitarism (60). At
least 50% of children with SOD have hypopitutarism (54,
61). A child identified as having SOD should be referred
to a pediatric endocrinologist for monitoring or testing. In
its most severe form, SOD is associated with hypoplasia
or absence of the optic nerves or chiasm, agenesis or hy-
poplasia of the septum pellucidum, and hypothalamic de-
fects, and is known as deMorsier syndrome (59, 62–64).
Typically, growth failure due to GH deficiency becomes
apparent between 6 and 18 months of age.

Other specific, rare genetic syndromes can be asso-
ciated with hypopituitarism. Rieger’s syndrome, the re-
sult of a transcription factor gene mutation, results in hy-
popituitarism associated with coloboma of the iris,
glaucoma, and dental hypoplasia (65, 66). Pallister Hall
syndrome is associated with hypothalamic hamartoma-
blastoma, micropenis, cryptorchidism, and postaxial poly-
dactyly (67). Because MRI is used increasingly in the
evaluation of children with unexplained neurological find-
ings, additional genetic syndromes affecting the structural
integrity of the hypothalamic–pituitary axis may be rec-
ognized. The use of MRI has led to the recognition that
many children thought to have idiopathic GH deficiency
actually have abnormal posterior pituitary or stalk regions
(68).
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Table 2 Classification of IGF-I Deficiency and IGF-I Resistance with Clinical and Biochemical Features

Condition GHDa Ht SDS

Biochemistry

GH GHBP IGF-I IGFBP-3

Primary IGF-I Deficiency
Congenital

Defect in IGF-I synthesis No �6.9 (IUGR) High Normal Very low Normal
Acquired

Alagille syndrome (12) No Varies High High Low Normal
Secondary IGF-I Deficiency

Congenital
GH receptor deficiency Yes �4 to �12 High Low/nml/high Very low Low
GH–GHR signal transduction defect Yes (Arab)

No (Pakistani)
�3.4 to �6 High Normal Very low nml/low

Acquired
Catabolic states/chronic illness No Normal–low High Low/nml Low nml/low

Tertiary IGF-I Deficiency
Congenital

GHRH receptor deficiency No �4.3 to �8.9 Low Normal Low Low
GHD Yes �3 Low Normal Low Low

Acquired
GH inhibiting antibodies Yes �3 to �8.5 Low Normal Low Low
GHD Yes Varies Low Normal Low Low

IGF-I Insensitivity
Congenital

IGF receptor deficiency No Severe/IUGR High Normal High High
IGF–IGFR signal transduction defects No �2 to �4.6 Normal ? High ?

aPhenotype.
Ht SDS, standard deviation score for height.

Some children found to have hypopituitarism have
MRI findings of an interrupted pituitary stalk. The lesion
may be congenital and accompanied by varying degrees
of diabetes insipidus or anterior pituitary deficiencies.
Other instances are probably acquired during trauma and
may show some recovery of function later.

Hypothalamic dysfunction may explain the not infre-
quent finding of the short child with abnormal growth
velocity and delayed bone age who, to the surprise of the
endocrinologist, has a normal response to provocative GH
testing. Some investigators have surmised that these chil-
dren, while able to produce GH in response to pharmo-
cological stimuli, fail to have adequate daily secretion of
GHRH and thus, GH (69). This may be particularly true
for a subset of children: those who have had prophylactic
intracranial irradiation for leukemia (70). Children with
GH deficiency following cranial radiation were found to
respond to GHRH administration with augmented levels
of GH (71).

Spontaneous GH secretion testing for this neurose-
cretory disorder can be cumbersome, requiring an in-
dwelling catheter and the obtaining of frequent sponta-
neous growth hormone samples over a 24 h period or a

nocturnal 12 h period. For this reason and because GHRH
is not a commercially available therapeutic option, com-
mon practice is to pursue a trial of GH therapy, usually
for 6 months, in the short child with poor growth velocity
and normal provocative GH testing results.

Another example in which the phenotype of GH de-
ficiency may be hypothalamic in origin is the child with
Prader–Labhart–Willi syndrome (PLWS), resulting from
partial deletion of chromosome 15 or maternal uniparental
disomy (i.e., the loss of paternally derived genetic material
on chromosome 15). PLWS results in a phenotype of var-
iable short stature, hypothalamic obesity, hypotonia, and
hypogonadism (72). GH therapy results in an increase in
lean body mass and growth velocity sustained over the 2
years of reported trials of therapy (73).

The empty sella syndrome is frequently found by
MRI during the evaluation of children with isolated
growth hormone deficiency or panhypopituitarism, but is
only a finding in 2% of healthy children (74). Mild ele-
vation of serum prolactin may be observed. The empty
sella is the enlarged pituitary fossa, the size of which has
been altered by herniated arachnoid contents. An empty
sella may be a primary or secondary finding (75). Sec-
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ondary causes include surgery, irradiation, and tumor. The
actual pituitary tissue is flattened against the fossa wall,
leading to varying degrees of hypopituitarism.

Prenatal and postnatal injuries are known to result in
the birth of some infants with hypopituitarism (76).
Breech delivery is also associated with hypopituitarism,
but may be the result rather than the cause of hypopitui-
tarism (77). Support for this hypothesis includes the find-
ing of microphallus in some newborn boys with perinatal
asphyxia (78, 79), suggesting inadequate prenatal gonad-
otropin, GH, or both. In some instances, however, peri-
natal asphyxia may compromise pituitary blood flow with
subsequent ischemic pituitary damage.

B. Hereditary Forms of GH Deficiency

Although studies of GH response with GHRH and GH-
releasing peptides indicate a hypothalamic basis for many
instances of GHD, no defects have been described that
affect GHRH synthesis (80). Numerous mutations have
been described, however, affecting homeodomain tran-
scription factors for pituitary development, the GHRH re-
ceptor, and GH genes.

1. Pituitary Differentiation Factors
As noted in the section on pituitary differentiation, HESX1
and LHX3 are factors involved in differentiation of the
Rathke pouch into distinctive pituitary cell types. A mis-
sense mutation of HESX1 has been described in a single
family with septo-optic dysplasia, agenesis of the corpus
callosum, and anterior hypopituitarism. Heterozygous
members of the family were unaffected. Three siblings
having deficiency of all pituitary hormones but adreno-
corticotropin were found to be homozygous for a missense
mutation in the LHX3 gene. A single patient with the same
hormonal status in another family had an intragenic de-
letion that predicted a severely truncated protein lacking
the entire homeodomain (13). One of these patients had
an enlarged anterior pituitary, whereas the others had pi-
tuitary hypoplasia. All four had rigidity of the cervical
spine resulting in limited rotational ability of the head.

Some instances of multiple pituitary hormone defi-
ciency (MPHD) have been attributed to dominant and re-
cessive mutations of the gene for pituitary transcription
factor, POU1F1 (formerly referred to as Pit-1), which is
critical for the differentiation of somatotrophs, thyro-
trophs, and lactotrophs. Recessive mutations, of which
seven have been reported, result in varying degrees of loss
of DNA binding or transcriptional activation functions
(10). Mechanisms for the effects of the four dominant
mutations are less readily explained, one involving en-
hanced binding of the mutant to GH and PRL promoter
sites, another impairing distal enhancer activation; mech-
anisms for the other two mutations remain unexplained.
Affected patients have intact ACTH, LH, and FSH func-
tion (81). Such occurrences have also been characterized
by a small or normal sella turcica (82, 83). Since the orig-

inal description of a Pit1 mutation in 1992 (84), only a
few cases have been reported.

A similar phenotype to that found in POU1F1 mu-
tation is caused by mutation of the PROP1 gene in the
Ames dwarf mouse. This gene encodes a paired-like hom-
eodomain protein expressed briefly in embryonic pituitary
and necessary for POU1F1 expression (85). Thus, it was
anticipated that mutation of the PROP1 gene in humans
would result in a clinical picture similar to that with
POU1F1 mutations. It was demonstrated in several fam-
ilies, as well as in sporadic cases, however, that mutation
of the PROP1 gene can cause gonadotropin deficiency in
addition to somatotropin, thyrotropin, and prolactin defi-
ciency (86–88). In the families described by Nader et al.
(89) in 1975, and by Parks et al. (90) in 1978, now rec-
ognized to be families with PROP1 deficiency, MPHD
was associated with sellar enlargement. In a few instances
in which this mass has led to surgical intervention, his-
tological examination indicates proliferation of undiffer-
entiated connective tissue (91). This phenomenon does not
appear to be genotype specific and varies within the fam-
ilies of the same genotype (Fig. 5); the clinical importance
is the need to differentiate this pituitary enlargement from
adenoma, craniopharyngioma, or other tumor. Adrenocor-
ticotropin deficiency may result from progressive deteri-
oration of the pituitary or be specific to certain mutations,
suggesting a role for PROP1 in the differentiation or
maintenance of corticotroph cells (92).

Homozygosity for a GA or an AG deletion in the
sequence 296GAGAGAG in exon 2 of PROP1, originally
noted in one of the first four families with PROP1 defi-
ciency reported by Wu et al. (86), is the most common of
the eight recessive mutations that have been described,
reported in patients from Russia (87, 93), Turkey (93),
Jamaica (91), the United States (93), Brazil (91, 93), and
Dominican Republic (94). The series of three dinucleotide
repeats appears to be a mutational hot spot, with suscep-
tibility to misalignment of DNA, generating slippage and
deletion independently in different populations. Another
mutational hot spot also results in a 2 bp deletion in exon
2 (149delGA) that leads to the same serine to stop codon
change at codon 109. It is present as a compound heter-
ozygote with the 296delGA mutation in children with
MPHD from four Russian families (10). The 296GAdel
mutation represents a severe loss of function mutation.
The altered sequence predicts a protein of 108 amino
acids with a frameshift and truncation in the second �-
helix of the DNA-binding domain. When expressed in a
mouse PROP1 context, the recombinant protein lacks de-
tectable DNA-binding and transcriptional activation activ-
ities (86). The severity of the hormone deficiency phe-
notype is compatible with the complete loss of PROP1
activity.

PROP1 mutations are an important cause of MPHD,
in contrast to the situation with POU1F1 mutations. Of
52 Polish patients with MPHD, 33 had mutations in
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Figure 5 Lateral skull films for sellar area in patients with familial anterior hypopituitarism due to PROP1 deficiency, from
left to right and top to bottom: ages 17, 21, 23, 27, 29, 33, 38, 40 years, and normal sister age 22 years (third row, right). The
first, fourth, and fifth subjects have sellar enlargement for height and bone age. (Reprinted from Rosenbloom AL, Selman-
Almonte A, Brown MR, Fisher DA, Baumbach L, Parks JS: Clinical and biochemical phenotype of familial anterior hypopi-
tuitarism from mutation of PROP-1 gene. J Clin Endocrinol Metab 1999; 84:50–57; � The Endocrine Society.)

PROP1, and none in POU1F1; all 11 multiplex families
had mutations, while 17 of 27 isolated cases did (10). Of
73 subjects with MPHD in Switzerland, 35 had PROP1
mutations, including all who were affected in 17 multiplex
families (95).

2. GHRH Receptor Defects
Reports of mutations of the GHRH receptor gene come
from inbred populations in India, Pakistan, and Brazil (15,
96–99). The first two families reported consisted of two
children each from Indian Muslim families not known to
be related, one of which was consanguinous (96, 97).
These patients were homozygous for a G to T transversion
at position 265 of the GHRH-R gene, which introduces a
premature stop codon at residue 72, a mutation that was
also found in 18 Pakistani patients who were part of a
multiply consanguinous pedigree (15). The largest group
of patients described thus far, 105 white patients of Por-

tuguese descent from an inbred population in northeastern
Brazil, exhibit homozygosity for a different splice site mu-
tation (98, 99).

As expected, individuals with GHRH receptor muta-
tions have severe short stature and high-pitched voices.
There is mild delay in sexual maturation but fertility has
been demonstrated for both males and females (who re-
quire delivery by cesarean-section). One affected couple
had an obligatorily affected but otherwise normal child. A
number of clinical features differentiate subjects with
GHRH receptor mutation from individuals with related
conditions of severe isolated GH deficiency or GH insen-
sitivity. GHRH-receptor-deficient patients have a normal
penis size before puberty, whereas microphallus is typical
of patients with GH deficiency and insensitivity. Unlike
congenital GHD and GHRD, history of hypoglycemia has
not been elicited in any of the populations with GHRH
receptor deficiency and there is minimal or no facial hy-
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poplasia or prominence of the forehead (Figs. 6, 7). The
Pakistani patients had asymptomatic low blood pressure
and relatively small head sizes, but this has not been noted
in the other reports. In further contrast to GHD and
GHRD, central adiposity is uncommon and body propor-
tions are normal in those with GHRH receptor mutation.
A further interesting difference from GHRD is that there
is no difference in the markedly low levels of IGF-I, IGF-
II, and IGFBP-3, or the elevated levels of IGFBP-2 be-
tween prepubertal and adult individuals (15). In GHRD,
IGF-I, IGF-II, and IGFBP-3 levels are significantly
greater and IGFBP-2 concentrations significantly lower in
adults than in children (100, 101).

3. Isolated (I) GHD
Four autosomal recessive disorders, an autosomal domi-
nant mutation, and an X-linked form of IGHD have been
identified (102).

1. IGHD IA is a recessive condition caused by het-
erogeneous defects of the gene for GH (GH-1), and is the
most severe form of GHD. Defects of the GH-1 have in-
cluded gene deletions, and frameshift and nonsense mu-
tations (1, 103–107). Because these individuals have
complete GHD with no exposure to endogenous GH, the
administration of rhGH results in formation of anti-GH
antibodies and cessation of growth response after a few
months in most, but not all patients (1, 108–110). In an
Italian family with three affected children, two showed
high-titer antibodies and ceased responding to exogenous
GH, while the third sibling continued to respond and had
low-titer antibodies (111).

2. IGHD IB is also an autosomal recessive condi-
tion differing from IGHD IA by the presence of detectable
levels of endogenous GH and, consequently, continued
response to rhGH administration without the development
of anti-GH antibodies. This form of IGHD results from
mutations affecting splicing of the GH-1 gene. These rare
mutations have been described in Middle Eastern consan-
guineous families. The result of some of these mutations
can be complete absence of measurable circulating GH,
thought to be due to loss of anti-GH antibody-binding
sites necessary for the radioimmunoassay reaction. The
presence of some GH-related protein has been supported
by the absence of development of anti-GH antibodies
when these patients are treated with rhGH (97). In an Arab
Bedouin family from Israel with IGHD IB, carriers of the
mutant GH-1 allele were significantly shorter than those
who were homozygous normal; one-third of 33 hetero-
zygotes, but only 1 of 17 normal homozygotes had stature
>2 standard deviations (SD) below the mean (112).

3. IGHD II is differentiated from IGHD I because
it is inherited in an autosomal dominant mode, the result
of dominant negative mutations of the GH1 gene. Af-
fected individuals typically have an affected parent and
respond well to rhGH administration. Most of the muta-
tions that have been described associated with this form

of IGHD are in intron 3 of the GH gene and alter splicing
of GH mRNA with skipping or deletion of exon 3. It is
not clear why these mutations prevent expression of nor-
mal GH from the unaffected allele (the dominant negative
phenomenon) (113–115). With one of the splice muta-
tions, resulting in del32-71-GH, transfection studies in
neuroendocrine cell lines demonstrated suppression of
wild-type GH by the mutant as a posttranslational effect
caused by decreased stability rather than decreased syn-
thesis of the wild-type GH (116).

4. IGHD III is inherited in an X-linked manner. It
is associated with agammaglobulinemia in some but not
all families, suggesting contiguous gene defects on the
long arm of the X chromosome as a cause of some in-
stances of IGHD III (117).

5. Bioinactive GH. The presence of immunologi-
cally detectable but biologically ineffective GH has been
proposed for a number of reported patients with the ap-
pearance of GHD, normal levels of radioimmunoassay-
able GH in the circulation, and low concentrations of IGF-
I (118). Radioreceptor assay for GH in these cases has
indicated lower concentrations than in the radioimmuno-
assay, and therapeutic response to rhGH is comparable to
that in IGHD (118, 119). A mutation resulting in a het-
erozygous single amino acid substitution in the GH1 gene
has been described in a patient thought to have bioinactive
GH. Although there was an abnormal GH peak on iso-
electric focusing, there was also a normal one and the
patient shared this mutation with his normal father, sug-
gesting that it was not pathological (120). In quest of a
molecular defect in such patients, 200 children with short
stature found to have GH sufficiency were reviewed.
Three were identified who had short stature and growth
velocities consistent with GHD, but elevated basal and
stimulated levels of immunoassayable GH, and low con-
centrations of IGF-I and IGFBP-3 in the serum. A rat lym-
phoma cell proliferation assay and an immunofunctional
assay for GH gave abnormally low responses compared
to results on the radioimmunoassay (RIA). High-resolu-
tion sequencing of both strands of the coating region and
display sites of genomic DNA and sequencing of the CD
did not reveal GH-1 gene mutation in any of the patients.
It was postulated that the reduced biological activity of
abnormal translation product could be due to posttransla-
tional processing in these patients (121).

V. ACQUIRED GH DEFICIENCY

A. Tumors

By far the most common cause of acquired GH deficiency
in children is tumor. Craniopharyngiomas account for the
greatest number of tumors causing GH deficiency, but
several other benign or malignant tumors can also be re-
sponsible for the deficient state (122–124). Benign lesions
that damage the hypothalamic–pituitary axis include pi-
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Figure 6 Comparison of patients with GHRD and GHRH receptor deficiency. Upper left: 30-year-old man with GHRD (Laron
syndrome), height 106 cm (�10.8 SDS), with 17-year-old brother, height 162 cm (�2.1 SDS). Upper right: 21-year-old twins
with GHRH receptor deficiency, heights 119 and 118 cm (�8.8, 8.9 SDS) and normal adult from region (height 168 cm).
Lower: 27-year-old woman with GHRD, height 106 cm (�9.4 SDS), 24-year-old unaffected sister, height 155 cm (�1.4 SDS),
and 25-year-old affected sister, height 112 cm (�8.4 SDS). Note in patients with GHRD family resemblance but with marked
foreshortening of the face, prominence of the forehead, obesity, in men, frontotemporal baldness, and relatively short upper
extremities. In contrast, the men with GHRH receptor deficiency have normal facies and body proportions, without obesity.
(Upper right photo reprinted from Maheshwari HG, Silverman BL, Dupuis J, Baumann G. Phenotypic and genetic analysis of
a syndrome caused by an inactivating mutation in the GH-releasing hormone receptor: dwarfism of Sindh. J Clin Endocrinol
Metab 1998; 1983:4065–4074; � The Endocrine Society.)

tuitary adenoma, Rathke’s cleft cyst, and arachnoid cyst
(125). Primary malignant tumors that can affect this re-
gion include dysgerminomas, germinomas, meningiomas,
and gliomas (126). Although metastatic tumor is a more
common cause of GH deficiency in adults than in chil-
dren, childhood Hodgkin’s disease or nasopharyngeal car-
cinoma can metastasize to the pituitary or hypothalamus
(126). Signs and symptoms of primary or metastatic ma-
lignancies and benign intracranial lesions can be visual
loss (particularly bitemporal hemianopsia, for optic chi-
asm lesions), papilledema, headache with sleep or on
awakening, emesis, and behavioral changes (126). Lesions

in the hypothalamus may additionally cause hypersom-
nolence, appetite changes, or diabetes insipidus (127).
Weight loss may result from appetite loss or excess fluid
losses from diabetes insipidus. Symptoms of prolactin ex-
cess, including amenorrhea or galactorrhea, may occur,
because of the loss of dopamine inhibition from the hy-
pothalamus.

1. Craniopharyngioma
Two-thirds of craniopharyngiomas are found in a supra-
sellar location. The tumor most likely arises from rem-
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Figure 7 Top: 7-year-old boy with GHRH receptor deficiency, height 95 cm (�5.2 SDS) and weight 12 kg (5th percentile
for height) with bone age 3 years, spontaneous and stimulated GH concentrations <1.5 �g/L, and serum IGF-I concentration
below the level of measurability. Note absence of frontal bossing, facial hypoplasia, or truncal obesity. Bottom: 8-year-old boy
with GHRD, height 78.9 cm (�9.1 SDS) and weight 9.2 kg (5th to 10th percentile for height) with a bone age of 3.3 years,
spontaneous serum GH concentration 31 �g/L (immunoradiometric assay), IGF-I 8 ng/ml (2 SD range for age 52–222, for
bone age 20–79), IGFBP-3 141 ng/ml (2 SD range for age 2400–5800, for bone age 1180–3280), and IGFBP-2 500% of
normal. Note small facies, frontal bossing, depressed nasal bridge and truncal obesity, despite low weight percentile. Ptosis
(left) has been seen in �15% of Ecuadorian patients with GHRD.

nants of the invagination of the embryonic stomodeum
that gives rise to the adenohypophysis in the fetus. How-
ever, some neuropathologists believe the tumor could in-
stead arise from metaplastic squamous epithelial cells in
the adenohypophysis (125). The tumor accounts for 6–
10% of all pediatric brain tumors and is most common
from ages 5 to 15 years, but a second peak in incidence
is seen in adults ages 50–70 years (123). MRI imaging
often shows a calcified lesion, and histopathological ex-
amination reveals an encapsulated, oil-containing cystic
tumor of squamous epithelial cells that show keratiniza-
tion. The high cholesterol content of the tumor aids in
identification on MRI. In one series, 95% of patients with
craniopharyngioma had at least one anterior pituitary hor-
mone deficiency at diagnosis, and 38% had hyperprolac-
tinemia (122). Diabetes insipidus does not usually occur
preoperatively (128). In the Jenkins series, nearly two-

thirds of patients had tumor recurrence, which correlated
with cyst size. The best long-term prognosis is seen in
patients with purely cystic lesions, and patients with tu-
mor symptoms before the age of 5 years may have a
worse prognosis than older patients (124). After initial
surgical resection, virtually all patients with cranio-
pharyngioma have hypopituitarism. Sleep and appetite
centers in the hypothalamus may be damaged by the tu-
mor or by the attempted resection. Hyperphagia and re-
sultant obesity tend to correlate with damage to the ven-
tromedial and/or paraventricular nuclei (125), and this
excess nutrition may result in normal or supranormal
growth velocity despite profound GH deficiency.

In a series of 20 patients with craniopharyngioma re-
ported by Jenkins, 19 of 20 had GH and gonadotropin
deficiencies at diagnosis (122). Thirteen patients had sec-
ondary or tertiary hypothyroidism, and 10 had ACTH de-
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ficiency. None of the patients had diabetes insipidus be-
fore surgical resection.

With surgical resection, nearly all patients with cran-
iopharyngioma will have at least temporary vasopressin
deficiency. The development of further pituitary defi-
ciency depends upon degree of tumor resection (129),
which will also influence long-term survival. With at-
tempted complete removal of the tumor (without subse-
quent radiation), 42% of patients have tumor recurrence
(124). Gross total resection of the tumor gave a 90% cure
rate in another series, but about one-third of patients ex-
perienced behavioral problems, appetite or sleep dysfunc-
tion, and memory deficits postoperatively (126). Near-to-
tal excision followed by fractionated radiotherapy may
provide the best prognosis (130, 131).

2. Rathke Cleft Cyst
A Rathke cleft cyst (RCC) is a benign lesion believed to
arise from Rathke’s pouch remnants, neuroepithelium, or
metaplastic anterior pituitary cells (132). The lesion is
generally intrasellar and may result in hypopituitarism,
neurological findings, or visual deficits (125). The lesion
is often mucoid and may contain cuboidal, columnar, or
ciliated epithelium. It may be difficult to differentiate from
a craniopharyngioma or arachnoid cyst . In one series,
81% of patients with RCC had preoperative hypopituita-
rism, 60% had neurological dysfunction, and 38% had
visual losses (132). As in craniopharyngioma, hyperpro-
lactinemia may result from loss of dopamine inhibition of
prolactin secretion.

3. Arachnoid Cleft Cyst
The arachnoid cleft cyst (ACC) usually occurs in an in-
trasellar location and may be difficult to identify preop-
eratively. ACC occurs typically in older patients than does
craniopharyngioma or RCC. The cyst is lined by arach-
noid cells and contains cerebrospinal fluid. It is either a
congenital lesion or an acquired lesion that occurs when
the diaphragma sella permits herniation of the arachnoid
membrane. The endocrine prognosis is worse for ACC
than RCC or craniopharyngioma, most likely due to more
chronic, high-pressure damage to the adenohypophysis by
the cyst (132).

4. Pituitary Adenoma
Although more common in adults than in children, the
pituitary adenoma may cause hypopituitarism in children
by pressure damage to surrounding normal pituitary tis-
sue. Five to 6% of childhood pituitary tumors are ade-
nomas and may occur in isolation or as part of multiple
endocrine neooplasia type I (133). More than half of these
adenomas are prolactinomas; the remainder may secrete
ACTH or GH, or may be nonfunctioning (134). Histo-
pathological evaluation often reveals areas of hemorrhage
within the adenoma; hemorrhage may cause pituitary ap-

oplexy, and, if longstanding, the hemorrhagic areas may
become cystic. (133).

B. Other Causes of Acquired GH Deficiency

A variety of other causes of acquired GH deficiency have
been identified. Among the mechanical causes of GH de-
ficiency are trauma with or without skull fracture, irradi-
ation for therapy of malignancy, and surgery. Hemorrhage
into the pituitary or hypothalamus may cause hypopitui-
tarism and has been reported in patients receiving chronic
anticoagulant therapy as well as in those with pituitary
apoplexy. Inflammatory processes resulting in hypopitui-
tarism include autoimmune hypophysitis, infectious dis-
eases resulting in meningitis or encephalitis, and infiltra-
tive processes such as sarcoidosis, histiocytosis X, and
hemochromatosis. Cerebral edema occurring with diabetic
ketoacidosis has also been reported to result in hypopi-
tuitarism (19, 135).

1. Head Trauma
Following significant head trauma, 40% of patients may
have transient or permanent vasopressin deficiency (127).
On occasion, apparently permanent anterior hypopituita-
rism has spontaneously resolved months after the head
injury (136). Varying degrees of other pituitary hormonal
deficiencies may be seen. Hypopituitarism may result
from direct structural damage to the hypothalamus or pi-
tuitary or because of hypovolemia with severe blood loss
or increased intracranial pressure. Hypopituitarism may
occur after seemingly minor head trauma (137) and should
always be a diagnostic consideration in the evaluation of
the child abuse victim with head trauma.

2. Radiation Therapy
Current CNS oncological radiation includes conventional
radiation, as well as proton-beam, gamma knife, and yt-
trium-90 or gold-198 radiotherapy. All of these therapies
may cause pituitary insufficiency (127, 138). With con-
ventional radiation of 50 Gy for 4 weeks for pituitary
adenoma, 11 of 22 patients developed hypopituitarism
within 4.2 years (139). Head and neck irradiation, or
‘‘mantle’’ radiation for lymphoma, may lead to pituitary
deficiencies as well (140). It is prudent to evaluate growth
velocity, weight gain, and, in pubertal age patients, pu-
bertal progression, at frequent intervals in the first 5 years
following radiation to the head.

3. Pituitary Apoplexy
Pituitary apoplexy has been described in patients with pi-
tuitary adenomas and in women in the immediate post-
partum period (141). It may also occur in severely de-
hydrated patients with diabetes mellitus, trauma, or
intracranial pressure changes, or in patients undergoing
chronic anticoagulation or radiation therapy (127, 142).
Postpartum apoplexy is known as Sheehan’s syndrome.
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Apoplexy is due to hemorrhage or infarct into an adenoma
or into normal pituitary tissue, with subsequent hypopi-
tuitarism. Failure to recognize the signs of ACTH defi-
ciency resulting from apoplexy can have fatal conse-
quences. Patients may have severe headache (‘‘the worst
of my life’’); diplopia or visual loss; deficits of cranial
nerves III, IV, or VI; sensorium changes; or hypotension.
Diagnosis is confirmed by findings on computed tomo-
graphic (CT) scan or MRI.

4. Inflammatory Disease
Autoimmune or lymphocytic hypophysitis has been de-
scribed in patients with autoimmune polyglandular syn-
drome, in postpartum women, and as an isolated finding
(143, 144) . Diagnosis can be difficult to confirm but may
be based on the finding of pituitary antibodies (not com-
mercially available) or of lymphocytic infiltration on pi-
tuitary biopsy (145). Patients with meningitis or enceph-
alitis may also develop hypopituitarism with bacterial,
viral, or fungal infections (146). Infiltrative diseases un-
commonly cause hypopituitarism in children, but may re-
sult from histiocytosis X, sarcoidosis, or hemochromatosis
due to chronic blood transfusions for thalassemia (147).
A thickened pituitary stalk may suggest the diagnosis on
MRI. Children with histiocytosis X initially have diabetes
insipidus (DI) without other hormonal deficiencies and
with a thickened pituitary stalk (148). The child with his-
tiocytosis and DI often has unusual, desperate, water-seek-
ing behaviors, such as drinking from flower vases or pets’
water dishes. Subsequently, GH deficiency, alone, or with
other pituitary deficiencies, may occur.

5. Deprivation Syndrome
Failure to thrive thought to result from lack of nurturing
in infants raised in institutions was described as anaclitic
depression (149). Talbot et al. (150) initially suggested
that growth failure can occur beyond infancy associated
with emotional deprivation and characterized by subtle
nutritional inadequacy. The spectrum of pathology asso-
ciated with growth failure in dysfunctional settings has
been referred to as deprivation, maternal deprivation,
emotional deprivation, or environmental deprivation
dwarfism, psychosocial dwarfism, and hyperphagic short
stature. Fifteen years after the report of Talbot et al., Pat-
ton and Gardner (151, 152) stressed the importance of
historical information in defining some instances of
growth failure as a truly psychosomatic disorder. They
speculated that the problem could be attributed to hypo-
thalamic influences on the pituitary secretion of GH, un-
dernutrition as a result of neglect, diminished appetite
resulting from depression and lethargy, or decreased in-
testinal motility and absorption due to nutritional and
emotional factors.

Deprivation dwarfism was later described as a triad
of extreme short stature, voracious appetite, and markedly
delayed sexual maturation in nine patients who had had

feeding difficulties in infancy, persistent sleep problems,
and whose parents had serious psychological disturbances;
growth improved markedly with foster placement (153).
The clinical syndrome was further described in 13 chil-
dren initially thought to have idiopathic hypopituitarism
to include, in addition to high degrees of social disruption
and pathology in the family and severe growth failure,
bizarre eating and drinking behavior by history, sleep dis-
turbances, malabsorption with foul-smelling stools, de-
layed speech, and abdominal protuberance. The children
ate out of garbage cans, ‘‘stole’’ food, gorged, and ate
from the pets’ dishes. They drank from toilet bowls,
glasses filled with dishwater, rain pools, and old beer cans
holding stagnant water. Removal from the home was as-
sociated with growth acceleration and behavioral im-
provement. Emotional factors, malabsorption, inadequate
nutrition, and hypopituitarism were all considered as pos-
sible contributors (154). Endocrinological evaluation in-
dicated frequent deficiency in adrenocorticotropin and GH
with return of GH responses to normal; occasional pa-
tients had normal GH values, but it was not recognized
at that time that recovery of GH secretion might occur
very early after removal from the home (155). Others con-
firmed deficient GH and ACTH responses to hypoglyce-
mia in children, but not infants, with the deprivation syn-
drome and noted that some children had normal or
elevated serum GH concentrations at the time of admis-
sion, reminiscent of the range of possibilities with mal-
nutrition (156).

Two important investigations published in 1969 ad-
dressed the question of whether environmental or mater-
nal deprivation, in the presence of adequate nutrition,
could result in growth failure. Rhesus monkeys, shown to
be extremely dependent on maternal attention and physi-
cal play for normal behavioral development, were pro-
vided an ad libitum diet, but deprived of all social contact
and environmental stimulation from birth, including direct
human contact except that required for maintenance and
experimental measures. Despite developing persistent be-
havioral abnormalities including autistic posturing, fear,
inability to engage in social play and, after maturity, to
engage in social and sexual activity, their growth was
completely normal (157).

A remarkable prospective study was carried out by
Whitten et al. of 16 human infants aged 3–24 months
referred for growth failure, who were of normal weight at
birth (158). During a 2-week period of initial hospitali-
zation with minimal mothering and plentiful calories, and
a period of high-intensity mothering, comparable weight
recovery occurred. In the home setting, provision of ade-
quate calories supervised by a home visitor, described to
the family as a study protocol rather than supervision, also
resulted in adequate gain. Some of the mothers admitted
that the amount of food consumed was considerably
greater than they had been providing. Other mothers have
likewise admitted to intentional starvation as a form of
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Figure 8 Three children with deprivation syndrome. Left: 7-year old daughter (on right) of psychotic parents, with hepato-
megaly and lack of normal social behavior, standing with a normal-sized age mate. Right upper: daughter of alcoholic single
mother, this 5-year-old was thought to have gluten-induced enteropathy to explain her short stature (height SDS �4.1, height
age 2 years 4 months). In the care of her grandmother, she gained 20 lbs in 10 months, nearly doubling her weight, and grew
7-1/4 inches (height SDS �1.2, height age, 4 years 8 months). Right lower: 5-year-old thought to have GHD to explain severe
short stature (height SDS �5); when she returned 6 months later to start pituitary GH injections, she had grown 4 inches and
it was learned that her social situation had changed dramatically after the initial hospitalization.

abuse, or to avoid having the child get sick, bloated, throw
up, or have loose stools (159). Extensive studies of moth-
ers of affected infants and children have demonstrated a
range of pathology affecting mothering skills and char-
acter (160, 161).

In a review of 185 patients hospitalized for evaluation
of failure to thrive, 50% could be attributed to environ-
mental deprivation, corresponding precisely to the per-
centage noted 20 years earlier by Talbot et al. (150). Or-

ganic causes were suggested by history and physical
examination; only 1.4% of laboratory studies performed
were of diagnostic value and only if there was a specific
indication for the test from the clinical evaluation (162).

The frequent observation of disturbed sleep patterns
in these children suggests that their growth failure might
be related in part to a failure of nocturnal GH secretion,
dependent on the attainment of deep sleep (163). Poly-
graphic sleep recordings soon after hospital admission in
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children with psychosocial dwarfism demonstrated a gross
deficit of stage IV sleep and a decrease in the overall
slow-wave sleep episodes, both stage III and IV. After 3–
15 weeks in the new environment and with growth recov-
ery, stage IV sleep returned (164). More recent studies
have demonstrated progressive improvement in GH pulse
amplitude, with maintenance of the individual’s charac-
teristic pulsatility (165, 166).

The deprivation syndrome can now be recognized as
a social pathology resulting in chronic undernutrition and
secondary endocrine deficiencies, primarily GH and
ACTH, which are readily reversible with provision of ade-
quate food intake (Fig. 8). Removal from the home tem-
porarily or permanently is usually necessary, particularly
for older children. Infants with failure to thrive often have
mothers who mean well, but are immature, dependent, and
insensitive to their infants’ needs; counseling and support
may make it possible for the child to thrive in the home
(161). In the few recognized instances in which exoge-
nous GH has been administered to children with depri-
vation syndrome, responses been been nil to much less
than typical of GH deficiency, as one might expect in the
context of noncompliance and undernutrition (167, 168).

VI. CONGENITAL GH INSENSITIVITY

A. GH Receptor Deficiency (GHRD)

Following the initial report (169) of three Yemeni Jewish
siblings ‘‘with hypoglycemia and other clinical and lab-
oratory signs of GH deficiency, but with abnormally high
concentrations of immunoreactive serum growth hor-
mone,’’ 22 patients were reported from Israel, all Oriental
Jews, with an apparent autosomal recessive mode of trans-
mission in consanguineous families (170). These reports
preceded the recognition of the critical role of cell surface
receptors in hormone action and it was postulated that the
defect was in the GH molecule these patients were pro-
ducing. This impression was substantiated by the obser-
vation of free fatty acid mobilization, nitrogen retention,
and growth in patients being administered exogenous GH
(170). These effects may have been due to other pituitary
hormones in the crude extracts administered or to nutri-
tional changes in the investigative setting. In the first pa-
tient reported outside of Israel, in 1968, there was no re-
sponse to exogenous GH, leading to the hypothesis that
the defect was in the GH receptor (171). This hypothesis
was substantiated by the failure to demonstrate sulfation
factor activation with exogenous GH administration, re-
ported in 1969 (172) and reports in 1973 and 1976 that
the patients’ GH was normal on fractionation, in its bind-
ing to antibodies, and in its binding to hepatic cell mem-
branes from normal individuals (173–176). In vitro dem-
onstration of cellular unresponsiveness to GH was
demonstrated by the failure of erythroid progenitor cells
from the peripheral blood of two patients to respond to

exogenous GH (177). The failure of radioiodine-labeled
GH to bind to liver cell microsomes obtained from biopsy
of two patients with Laron syndrome confirmed that the
defect was in the GHR (178). The two reports of absent
GHBP in sera of patients with Laron syndrome (29, 30)
appeared just before the publication of the finding that
GHBP was the extracellular domain of the cell surface
GHR (31).

Mutations of the GHR have provided insight into its
physiology. Thirty-six distinct mutations in the extracel-
lular and transmembrane domains produce a clinical pic-
ture of severe GH/IGF-I deficiency in the homozygous
state or as compound heterozygotes, whereas two domi-
nant negative mutations of the intracellular domain result
in a milder clinical syndrome. Some individuals described
with features of GH resistance appear to have defective
signal transduction by the GH–GHR complex. Knowl-
edge of the biology and signaling of the GHR has at-
tracted extensive research interest because GH is a pow-
erful regulator of somatic growth, mitogenesis, and
metabolism, with a wide variety of effects on target cells,
all mediated by the GHR, which is expressed in 40 dif-
ferent tissues.

The structure of the human GHR gene is depicted in
Figure 9. There are eight variants (V1–V8) contributing
to the 5� untranslated region (UTR), followed by nine
coding exons (exons 2–10). Exon 2 encodes the last 11
base pairs of the 5�-UTR sequence, an 18 amino acid sig-
nal sequence, and the initial five amino acids of the ex-
tracellular hormone binding domain. Exons 3–7 encode
the extracellular hormone-binding domain, except for the
terminal 3 amino acids of his domain, which are encoded
by exon 8. Exon 8 further encodes the 24 amino acid
hydrophobic transmembrane domain and the initial four
amino acids of the intracellular domain. Exons 9 and 10
encode the large intracellular domain. Exon 10 also en-
codes the 2 kb 3�-UTR. Four of the alternative 5�-UTRs
of the human gene have been cloned from genomic DNA,
indicating that each was encoded by a separate exon. It
has been suggested that this variability serves to regulate
translational efficiency of the mRNAs (179). The human
GHR is unique in existing in an alternative splice isoform
that excludes exon 3; this deletion has no demonstrable
effect on GHR function (180).

The report of the characterization of the GHR gene
included the first description of a genetic defect of the
GHR, a deletion of exons 3, 5, and 6 (32); recognition
that the exon 3 deletion represented an alternatively
spliced variant without functional significance resolved
the dilemma of explaining deletion of nonconsecutive ex-
ons. No other exon deletions have been described in pa-
tients with GHI, but the additional defects of the GHR
gene that have been described in association with GH in-
sensitivity (GHI) include eight nonsense mutations, 14
missense mutations, five frame shift mutations, 10 splice
mutations, and a unique intronic mutation resulting in in-
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Figure 9 Diagram of the growth hormone receptor gene. The black horizontal line represents intron sequence, diagonal breaks
in the lines indicate uncloned portions of the intron, and the boxes represent exons, which are enlarged for clarity. Exons with
horizontal stripes, untranslated regions of the transcripts; vertical striped exon, signal sequence; open exons, hormone-binding
domain; diagonal striped exon transmembrane domain; solid exons, intracellular domain. (Reprinted from Edens A, Talamantes
F. Alternative processing of growth hormone receptor transcripts. Endocrine Reviews 1998; 19:559–582; � The Endocrine
Society.)

sertion of a pseudoexon (181). The functional insignifi-
cance of exon 3 is emphasized by the fact that no muta-
tions affecting this exon have been associated with GHI.
Neither have functional mutations been described in exon
2. A number of other mutations have been described that
are either polymorphisms or have not occurred in the ho-
mozygous or compound heterozygous state.

The point mutations that result in severe GHI when
present in the homozygous state or as a compound het-
erozygote are all associated with the typical phenotype of
severe GHD. All but three of the defects result in absent
or extremely low levels of GHBP. Noteworthy is the
D152H missense mutation that affects the dimerization
site, thus permitting production of the extracellular do-
main in normal quantities but failure of dimerization at
the cell surface, which is necessary for signal transduction
and IGF-I production (182). Two defects that are close to
(G223G) or within (R274T) the transmembrane domain
result in extremely high levels of GHBP (183–185).
These defects interfere with the normal splicing of exon
8, which encodes the transmembrane domain, with the
mature GHR transcript being translated into a truncated
protein that retains GH-binding activity but cannot be an-
chored to the cell surface.

As noted, all these homozygous defects and the four
compound hetorozygotes, whether involving the extracel-
lular domain or the transmembrane domain and whether
associated with very low or unmeasurable GHBP, result
in a typical phenotype of severe GHD. In contrast, the
intronic mutation present in the heterozygous state in a
mother and daughter with relatively mild growth failure
(both SDS for height �3.6), and resulting in a dominant
negative effect on GHR formation, is not associated with

other phenotypic features of GHD. This splice mutation
preceding exon 9 results in an extensively attenuated, vir-
tually absent intracellular domain (184). Japanese siblings
and their mother have a similar heterozygous point mu-
tation of the donor splice site in intron 9, also resulting
in mild growth failure compared to GHRD, but with def-
inite, although mild, phenotypic features of GHD (185).
GHBP levels in the white patients were at the upper limit
of normal with a radiolabeled GH-binding assay (184) and
in the Japanese patients twice the upper limit of normal,
using a ligand immunofunction assay (185).

These heterozygote GHR mutants transfected into
permanent cell lines have demonstrated increased affinity
for GH compared to the wild type full-length GHR, with
markedly increased production of GHBP. When cotrans-
fected with full-length GHR, a dominant negative effect
results from overexpression of the mutant GHR and in-
hibition of GH-induced tyrosine phosphorylation and tran-
scription activation (184, 186). Naturally occurring trun-
cated isoforms have also shown this dominant negative
effect in vitro (36, 187, 188).

A novel intronic point mutation was discovered in a
highly consanguineous family with two pairs of affected
cousins with GHBP-positive GHI and severe short stature,
but without the facial features of severe GHD or GHRD.
This mutation resulted in a 108 bp insertion of a pseu-
doexon between exons 6 and 7, predicting an in-frame,
36 residue amino acid sequence. This is a region critically
involved in receptor dimerization (189).

Of just over 250 reported cases of typical GHRD,
ethnic origin is known for 232 (181). Of these, nearly
50% are Oriental Jews as described in the original report,
or known descendants of Iberian Jews who converted to
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Catholicism during the Spanish Inquisition. The latter
make up the largest cohort (n = 70) and the only geneti-
cally homogeneous group. All but one subject have the
E180 splice site mutation that is shared with at least one
Israeli patient of Moroccan heritage. Most of the other
defects appear to be highly family-specific, with the R43X
mutation that is seen in a single Ecuadorian patient, two
other nonsense mutations (C38X, R217X), and the intron
4 splice mutation being the only ones thus far described
that appear in disparate populations, on different genetic
backgrounds, indicating mutational hotspots (190). Be-
cause the molecular defect in the GHR has been identified
in about one-third of the patients with GHRD outside of
Ecuador, it is likely that the list of mutations will continue
to grow and provide further insight into the function of
the GHR.

B. Partial GHI

GH resistance might be expected to occur in an incom-
plete form, analogous to insulin resistance, androgen in-
sensitivity, or thyroid hormone resistance. Affected chil-
dren might have growth failure with normal or slightly
increased GH secretion, variable but usually decreased
GHBP levels, decreased IGF-I concentrations, but not as
severely reduced as in GHD or GHRD, and might respond
to supraphysiological dosages of GH. It might also be
expected, given the need for dimerization of the GHR for
signal transduction, that certain mutations could have a
dominant negative effect in the heterozygous state.

Credibility for a heterozygous defect as a cause of
short stature requires the demonstration of functional sig-
nificance, not only by transfection of the mutant allele but
also by cotransfection with wild-type GHR gene, to ap-
proximate the circumstance in vivo. Goddard et al. (191)
have identified six mutations in eight children with short
stature (SDS for height �5.1–�2.0) and normal or in-
creased stimulated GH levels. One patient had compound
heterozygosity involving a novel mutation in exon 4
(E44K) and a mutation in exon 6 previously associated
with GHRD in the homozygous state (R161C). Two other
patients were heterozygous for this mutation. The other
five patients included two who were heterozygous for the
same novel mutation in exon 7 (R211H), and one each
with novel mutations of exon 5 (C122X), exons 7
(E224D), and exon 10 (A478T). Expression in vitro of
these four novel mutations involving the extracellular do-
main has shown functional effects, although cotransfec-
tion studies have not yet been reported. The defect in-
volving exon 10 has not been expressed in vitro. Other
defects without demonstrable significance have been de-
scribed involving exon 10 (192–194). None of these pu-
tative partial GHI patients had the clinical phenotype of
GHD. Five of the eight patients were treated with GH and
had variable improvement in growth velocity, from slight
to dramatic, in the first year (191). This variable response

could be due to GH resistance or to the fact that the pa-
tients were not GH/IGF-I deficient.

The subjects studied by Goddard et al. were selected
from the large Genentech National Cooperative Growth
Study database in pursuit of the question raised by the
observation that GHBP concentrations are low in children
with idiopathic short stature (ISS; i.e., short children with-
out a recognizable syndrome or GHD). Using a ligand-
mediated immunofunction assay Carlsson et al. (196)
studied a large number of short children with known
causes of growth failure such as GHD and Turner’s syn-
drome, or ISS, and compared their GHBP concentrations
in serum to those of normal controls. Ninety percent of
the children with ISS had GHBP concentrations below the
control mean and nearly 20% had concentrations that were
2 standard deviations or more below the normal mean for
age and gender. Whether the distribution of GHBP con-
centrations in children with unexplained short stature in-
dicates that partial GH resistance is a common cause of
short stature remains to be demonstrated.

If heterozygous mutations of the GHR ultimately
prove to be one cause of partial GH resistance, this would
explain only a very small proportion of cases of idiopathic
short stature. This impression is supported by a review of
37 patients who had relatively high GH responses to in-
sulin and failure to increase IGF-I concentrations in the
serum after several days of GH administration. GHBP
concentrations were normal. Only one patient in this
group failed to demonstrate a growth response to exoge-
nous GH. The authors concluded that partial GH insen-
sitivity was likely to be a rare cause of unexplained short
stature (196).

The possibility of an effect of heterozygosity for a
mutation known to cause GHRD in the homozygous state
was explored in the unique Ecuadorian cohort with
GHRD, which comprises a large population with a single
mutation, permitting genotyping of numerous first-degree
relatives. There were no significant differences in stature
between carrier and homozygous normal relatives, indi-
cating a lack of influence of heterozygosity for the E180
splice mutation of the GHR (197). A more general indi-
cation of the lack of influence of heterozygosity for GHR
mutations involving the extracellular domain on growth
comes from studies of the large multicenter European-
based GHI study. In both the European and Ecudorian
populations the stature of parents and of unaffected sib-
lings does not correlate with statural deviation of affected
individuals (197, 198), while an expected high correlation
exists between parents and unaffected offspring (197). If
the mutations that cause growth failure in the homozygous
state also affected growth in heterozygotes, heterozygous
parents and predominantly heterozygous siblings would
have height SDS values that correlated with those of af-
fected family members. In the Ecuadorian families, there
was no difference in height correlations with parents be-
tween carriers and homozygous normal offspring (197).
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C. Growth Hormone–GH Receptor Signal
Transduction Failure

Evidence of a post-GHR defect in three siblings of Pales-
tinian Arab origin has been presented by Laron et al.
(199). The children had typical features of severe GHD,
but normal GHBP and IGFBP-3 levels with severe IGF-I
deficiency. The molecular defect has yet to be identified.
In contrast to these patients, four GHBP-positive children
from two unrelated Pakistani families, who had high GH,
low IGF-I, and low IGFBP-3 serum concentrations, had
no phenotypic features of Laron syndrome except for
short stature, which was less severe than in typical GHRD
(200). Fibroblasts from the children in one of the families
demonstrated failure to activate part of the GH-signaling
pathway (201).

VII. ACQUIRED GH INSENSITIVITY

Acquired resistance to GH is a ubiquitous adaptation in a
number of protein catabolic states such as malnutrition,
poorly controlled diabetes mellitus, and chronic renal dis-
ease. Growth failure is a variable result. GHBP is dimin-
ished for reasons that remain unexplained in these con-
ditions, with elevated GH concentrations, decreased
IGF-I, and normal to decreased IGFBP-3 concentrations.
IGFBP-1 concentrations are elevated and reflect the cat-
abolic state, and in those with diabetes, relative insulin
deficiency (202). Children with end-stage renal disease, in
addition to having decreased GHBP, normal or elevated
GH, and low normal IGF-I concentrations, have high con-
centrations of IGFBP-3 , IGFBP-1, and IGFBP-2, thereby
decreasing IGF-I bioavailability (203). These catabolic or
chronic disease conditions may affect the GH–IGF-I axis
in a manner comparable to the sick euthyroid syndrome.
In the case of renal disease, the excess binding of IGF-I
is not sufficient reason for invoking a GH-resistant expla-
nation.

VIII. PRIMARY IGF-I DEFICIENCY AND
IGF-I RESISTANCE

A. Congenital IGF-I Synthetic Defect

A single case of defective IGF-I synthesis due to a gene
deletion has been described in a patient with a homozy-
gous partial deletion of the IGF-I gene. His profound in-
trauterine growth retardation (IUGR) persisted into ado-
lescence and he had sensorineural deafness with mental
retardation (46). The absence of the craniofacial pheno-
type of severe GHD and the presence of normal IGFBP-
3 in this patient, despite unmeasurable levels of IGF-I,
indicates that the craniofacial features and low IGFBP-3
of GHD and GHR deficiency are related to an absence of
the direct effects of GH that do not act through the me-

dium of IGF-I synthesis. It is also noteworthy that pro-
found IUGR and mental retardation are not characteristic
of GHD or GHRD (204, 205), but IGF-I knockout mice
have defective neurological development as well as
growth failure (206). Thus, IGF-I production in utero does
not appear to be GH-GHR dependent. Elevated GH levels
would be expected in this circumstance as a result of the
absence of IGF-I suppression of somatostatin; diurnal lev-
els of GH were high, with an overnight GH peak of 171
ng/ml (46).

B. Acquired IGF-I Synthetic Defect

Alagille syndrome (chronic intrahepatic cholestasis) is as-
sociated with moderate growth failure in 50% of instances
along with elevated GH and GHBP levels, and normal
IGFBP-3 levels. Thus, this does not appear to be a GH-
resistant state but one involving failure of IGF-I genera-
tion due to hepatic dysfunction (207).

C. Congenital IGF-I Receptor Defect

Defects in the IGF type I receptor or in the IGF receptor
signal transduction pathway have been hypothesized in
several patients. IGF-I resistance has been invoked as a
cause of short stature in the Pygmy people, demonstrated
by failure of response of T cells from such patients to
IGF-I in vitro; the absence of IGF-I elevation that should
accompany such resistance, however, requires explanation
(208).

Loss of a single allele for the IGF receptor caused by
distal long arm deletion of chromosome 15 fails to abolish
in vitro effects of IGF-I and, therefore, would not appear
to explain short stature in affected patients (209). Ho-
mozygous IGF-I receptor deletion is probably lethal (210).

Three patients have been reported with normal or
high GH levels and elevated IGF-I levels. In two of these
patients, normal bioactivity was demonstrated for the cir-
culating IGF-I and fibroblasts from skin biopsies of these
patients responded normally to recombinant IGF-I (211–
213). It was hypothesized that these patients might have
a tissue-specific (i.e., skeletal) IGF-I unresponsiveness.
Such an explanation could also be invoked to explain the
findings of normal IGF-I levels, lack of response to ex-
ogenous GH, and normal fibroblast response to IGF-I in
those patients with heterozygous deletion of the IGF-I re-
ceptor gene (209).

A systematic examination for mutations in the IGF-I
receptor was pursued in 38 children with IUGR who re-
mained <2 SD for length after 18 months of age. This
group was selected for study because IGF-I receptor
knockout mice have more severe IUGR than do IGF-I
knockout mice. A single patient was identified with com-
pound heterozygosity for mutations resulting in amino
acid substitutions. He had severe IUGR (birthweight 1420
g at 38 weeks), poor postnatal growth, and elevated con-
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centrations of IGF-I and integrated GH concentration
when prepubertal, consistent with IGF-I resistance. The
location of the mutations was within a putative ligand-
binding domain (47).

IX. DIAGNOSTIC EVALUATION

A. Clinical Assessment

Children should be evaluated for growth problems based
on the following criteria:

Height velocity <25th percentile for >6 months
Downward crossing of percentiles on growth chart

after age 18 months
Height below �2 SD for age
Height below genetic potential (�2 SD below mid-

parental height)
Bone age delay comparable to height age

Evaluation should begin with a complete history, in-
cluding consideration of the mother’s pregnancy (illness,
toxins, alcohol/drugs used, gestation), perinatal events,
birth weight and length, signs of chronic disease or ab-
normality in psychosocial status, and growth history. Fam-
ily history of growth and pubertal timing are important,
and parental heights should be measured, if possible. Cal-
culation of midparental and target heights provides a con-
text for determining the child’s growth potential, based on
current bone age and height, and whether, in fact, there is
an abnormality.

Midparental height is calculated as:

(father’s height �13 cm) � mother’s height
Girls:

2

(mother’s height �13 cm) � father’s height
Boys:

2

Target height = midparental height �2 SD (1 SD =
5 cm)

Height needs to be measured against the wall, using
a fixed scale and a right-angle device against the head,
with the back of the head, spine, and heels against the
wall or device without flexion of the legs. Head circum-
ference should also be measured and compared to stan-
dard curves for age and size. Body proportions can be
determined by measuring span from middle fingertip to
middle fingertip of the outstretched arms, and upper to
lower segment calculated by measuring the distance from
the top of the symphysis pubis to the floor with the legs
slightly apart and straight. This distance is subtracted from
total height to obtain the upper segment. Major and minor
anomalies should also be looked for as clues to syndromes
associated with small stature; the presence of a dys-
morphic syndrome, however, does not obviate the possi-
bility of concomitant GHD.

Accurate weight is important because the endocrine
causes of growth failure result in height deviation that is
greater than that of weight, so that such individuals often
have greater than normal weight for height. The physical
examination should also assess pubertal status and look
for any signs of chronic illness, typically associated with
low weight for height.

The typical somatic features of severe secondary and
tertiary IGF-I deficiency, listed in Table 3, are not cause
specific (Fig. 10). Many, if not most, such patients, in-
cluding those with GHRH receptor deficiency, GH gene
deletion, and GHRD, have normal intrauterine growth.
SDS for length declines rapidly after birth in severe GHD
or GHRD (Fig. 11) indicating the GH dependency of ex-
trauterine growth. It was formerly thought that the first 6
months of infantile growth was not GH dependent, but
this was based on inadequate data in severe GHD. Growth
velocity with severe GHD or GHRD is approximately half
normal (Fig. 12). Occasional periods of normal growth
velocity, as noted in Figure 12, may be related to im-
proved nutrition (214).

Despite normal sexual maturation in isolated second-
ary or tertiary IGF-I deficiency, the pubertal growth spurt
is minimal or absent, as documented in some of the most
extensive available data, in subjects with GHRD from Is-
rael and Ecuador (49, 215). The adolescent growth spurt
is GH-dependent, reflected in significantly elevated cir-
culating levels of GH and IGF-I compared to preadoles-
cence and adulthood (216). Among 24 Israeli patients with
GHRD followed from infancy to adulthood, persistent
growth beyond the normal time of adolescence was seen
only in boys. In the Ecuadorian population girls also
showed this phenomenon (Fig. 11). Adult stature in
GHRD varies from �12 to �5.3 SD in Ecuadorian pa-
tients and �9 to �3.8 SDS in others in the literature,
using the US standards (49). This is a height range of 95–
124 cm for women and 106–141 cm for men in the Ec-
uadorian population. This wide variation in the effect of
GHRD on stature was seen not only within the affected
population but also between affected siblings. This intra-
familial variability has also been described with severe
GHD due to GH gene deletion (108) and between those
having the same mutations in the GHRH receptor (15).
With multiple pituitary hormone deficiency, resulting in
failure of adolescence, growth may continue into the 30s
and 40s (Fig. 13).

Children with familial causes of IGF-I deficiency may
be recognized by knowledgeable family members at birth
because of craniofacial characteristics of frontal promi-
nence, depressed nasal bridge, and sparse hair, as well as
small hands or feet, and hypoplastic fingernails. De-
creased vertical dimension of the face is typical of severe
GHD or GHI and has been demonstrated in GHRD by
computer analysis of the relationships between facial land-
marks in all patients, including those with normal ap-
pearing facies. This foreshortening is particularly apparent
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Table 3 Clinical Features of Severe IGF-I Deficiency Due to GH Deficiency or GH Receptor Deficiency

Growth
Birth weight: normal; birth length; usually normal
Growth failure, from birth, with velocity 1/2 normal
Height deviation correlates with (low) serum levels of IGF-I, -II, and IGFBP-3
Delayed bone age, but advanced for height age
Small hands or feet

Craniofacial characteristics
Sparse hair before age 7; frontotemporal hairline recession all ages
Prominent forehead (bossing)
Head size more normal than stature, with impression of large head
‘‘Setting sun sign’’ (sclera visible above iris at rest) in 25% <10 years of age
Hypoplastic nasal bridge, shallow orbits
Decreased vertical dimension of face
Blue scleras
Prolonged retention of primary dentition with decay; normal permanent teeth, may be crowded; absent third molars
Sculpted chin
Unilateral ptosis, facial asymmetry (15%); only reported in GHRD

Musculoskeletal/body composition
Hypomuscularity with delay in walking
Avascular necrosis of femoral head (25% of GHRD)
High-pitched voices in all children, most adults
Thin, prematurely aged skin
Limited elbow extensibility after 5 years of age
Children underweight to normal for height, most adults overweight for height; marked decrease of ratio of lean mass to fat

mass, compared to normal, at all ages
Osteopenia indicated by dual energy x-ray absorptiometry

Metabolic
Hypoglycemia (fasting)
Increased cholesterol and LDL-C
Decreased sweating

Sexual development
Small penis in childhood; normal growth with adolescence
Delayed puberty
Normal fertility

when patients are compared with their unaffected relatives
(Figs. 6, 7) (217). Blue scleras, the result of decreased
thickness of the scleral connective tissue, permitting vi-
sualization of the underlying choroid, were originally de-
scribed in Ecuadorian patients with GHRD, and subse-
quently recognized in other populations with GHRD, as
well as in GHD (94, 204, 218, 219).

Hypomuscularity is apparent in radiographs of infants
with GHRD, and is thought to be responsible for delayed
walking, despite normal intelligence and timing of speech
onset (100). Radiographs of children who are GH-defi-
cient or insensitive also suggest osteopenia; dual-photon
absorptiometry and dual energy x-ray absorptiometry in
children and adults confirm this. Limited elbow extensi-
bility is an unexplained phenomenon seen in most patients
over 5 years of age with GHRD or severe GHD. It is an
acquired characteristic, absent in younger children and in-
creasing in severity with age (94, 100). Although children
may appear overweight, those with GHRD, and some with

GHD, are underweight to normal weight for height, while
most adults, especially females, are overweight with
markedly decreased lean to fat ratios (Figs. 6, 7, 10) (100).

Symptoms of hypoglycemia, including convulsions,
particularly in infancy, are common in children with iso-
lated GHD, MPHD, and GHI, indicating the critical im-
portance of direct metabolic effects of GH in the fasting
state: increasing hepatic glucose output, decreasing glu-
cose uptake, and increasing lipolysis (Table 1, Fig. 3).
Persistent physiological jaundice of infancy has also been
noted with GHD. Decreased sweating has been described
in GHD and documented by pilocarpine electrophoresis
in patients with GHRD. The subjects had significantly re-
duced sweat secretion rates and elevated sweat electrolyte
concentrations, indicating that sweat gland function is un-
der the influence of the GH–IGF-I axis (220).

Severe GHD is associated with small penis size with
normal penile growth at adolescence or with testosterone
treatment in childhood. This is also true of GHRD but,
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Figure 10 Similar phenotype for GH gene deletion, left; GH receptor deficiency, center; and idiopathic combined pituitary
hormone deficiency (GH, thyroid), right. Left: Argentinian brothers with type I-A familial GHD, aged 2 yrs 11 months (left)
and 5 years (right), demonstrating marked heterogeneity of the growth effect despite common genetic cause; the height SDS
for the younger boy was �7.1 and for the older boy �8.6. (Reprinted from Rivarola MA, Phillips JA III, Migeon CJ, Heinrich
JJ, Hjelle BJ: Phenotypic heterogeneity in familial isolated growth hormone deficiency type I-A. J Clin Endocrinol Metab 1984;
59:34–40; � The Endocrine Society.) Center: Subject at 9.4 years of age, with a bone age of 3.5 years, has a height SDS �9.1;
despite the appearance of obesity, his weight for height is just under the third percentile. Right: Boy at 8-1/2 years, with a bone
age of 2 years, has a height SDS �8.5 and weight for height well below the third percentile, approximately 4 SD below the
mean. These patients are clinically indistinguishable despite their distinctive diagnoses; all show prominent foreheads, immature
facies with foreshorting, the appearance of obesity, particularly truncal, despite reduced weight for height, and small phallus.

for as yet unexplained reasons, not in severe GH–IGF-I
deficiency resulting from functional mutations of the
GHRH-R (15). Although puberty may be delayed 3–7
years in some 50% of individuals with isolated GHD or
GHRD, there is normal adult sexual function with docu-
mented reproduction by males and females (100).

There is no evidence that GHD per se results in in-
tellectual impairment. Studies that do not account for the
ascertainment bias related to the cause of the GHD, or the
effects of other deficiencies in multiple pituitary hormone
deficiency, can be misleading. Intellectual impairment was
originally considered a feature of the Laron syndrome
(221). Among 18 affected children and adolescents with
Laron syndrome administered the Wechsler Intelligence
Scale for Children, only 3 had IQs within the average
range (90–110); of the remaining 15 subjects, three were
in the low–average range (80–89), three in the borderline

range (70–79), and nine in the intellectually disabled
range (<70). These studies were done without family con-
trols, so that the possibility of other factors related to con-
sanguinity that might affect intellectual development
could not be addressed. In a follow-up study 25 years
later, the investigators re-examined eight of the original
18 patients and four new patients with GHRD, excluding
five patients with mental disabilities who were in the orig-
inal study (222). This group had mean verbal and perfor-
mance IQs of 86 and 92 on the Wechsler scale without
evidence of visual motor integration difficulties noted in
the earlier group, but there was a suggestion of deficient
short-term memory and attention. The investigators hy-
pothesized that early and prolonged IGF deficiency might
impair normal development of the central nervous system,
or that hypoglycemia common in younger patients may
have had a deleterious effect.
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Figure 11 Length SD scores of nine girls from Ecuador
(open circles, solid lines) and two brothers from southern
Russia (solid circles, dashed lines) with known birth lengths,
evaluated over the first 2–3 years of life. (Reprinted from
Trends in Endocrinology and Metabolism, vol. 5, Rosen-
bloom AL, Guevara-Aguirre J, Rosenfeld RG, Pollock BH,
Growth in growth hormone insensitivity, pages 296–303, �
1994, with permission from Elsevier Science.)

Figure 12 Growth velocities of 30 Ecuadorian patients (10
males) with GH receptor deficiency; repeated measures were
at least 6 months apart. (Reprinted from Trends in Endocri-
nology and Metabolism, vol. 5, Rosenbloom AL, Guevara-
Aguirre J, Rosenfeld RG, Pollock BH, Growth in growth
hormone insensitivity, pages 296–303, � 1994, with permis-
sion from Elsevier Science.)

Figure 13 Adult Ecuadorian siblings with multiple pituitary hormone deficiency demonstrate persistence of responsiveness to
growth promotion effects of exogenous GH. Left: 33.4-year-old woman with SDS for height �5.9 and bone age 11 years, and
31.7-year-old man with height SDS �5.6 and bone age 13.5 years, with investigator at time of diagnosis. Right: The woman
at 37.1 years of age with a bone age of 13.5 years: she has received thyroid and cortisol replacement for 3.7 years, rhGH for
2.6 years (until 14 months previously), and low dosages of estradiol for the past 2.6 years; her height SDS is now �2.5, an
increase of 3.4 SDs. The man at age 35.4 years with SDS for height SDS �3.0, an increase of 2.6 SDs, and bone age 15.8
years; he has also received thyroid and cortisol replacement since diagnosis, rhGH until 6 months previously and incremental
testosterone since 1 year after diagnosis.



72 Rosenbloom and Connor

Table 4 Reference Values (ng/ml) for IGF-I and IGFBP-3 According to Age and Sex
(after age 7 years—F/M)

Age
(years) Mean IGF-I �2 SD IGF-I Mean IGFBP-3 �2 SD IGFBP-3

0 27 5 1874 1040
1 35 8 2058 1107
2 56 20 2153 1248
3 59 20 2203 1180
4 69 25 2321 1578
5 97 37 2628 1789
6 119 45 2862 1862
7 172/170 44/54 3913/3329 2190/1699
8 236/170 50/52 3840/3478 2497/2371
9 227/192 44/64 3413/3604 575/2265

10 270/131 94/37 3982/3244 2371/3244
11 308/137 93/30 4540/3396 2494/2041
12 387/219 126/63 4413/3666 2074/2167
13 459/329 216/83 4134/4334 2260/2616
14 481/519 271/183 4246/4354 2592/1946
15 473/518 254/335 4332/4028 2710/1495
16 431/519 192/401 4570/4842 3225/3435
17 412/372 253/210 4001/4152 2183/2065
18 408/499 223/206 4078/4810 1846/3235
19 335/397 182/168 4218/4752 2049/2495
20 255/434 86/267 4398/4554 2446/3214

Source: Adapted from the Meet-the-Professor session handouts for the Endocrine Society 81st Annual
Meeting, June 12–15, 1999, Clinical Utility of IGF and IGFBP Measurements by Ron G. Rosenfeld,
M.D.

The recent description of intellectual impairment with
severe IGF-I deficiency due to partial deletion of the IGF-
I gene added concern about potential effects of severe
IGF-I deficiency in utero (46). Nonetheless, patients with
severe IGF-I deficiency due to GH gene deletion or
GHRH receptor deficiency have not been intellectually
impaired (15, 108). Sporadic anecdotal reports of patients
with GHRD suggested a normal range of intelligence. The
collective data from the European IGF-I treatment study
group, which includes a wider range of clinical abnor-
mality than either the Ecuadorian or Israeli populations,
note a mental retardation rate of 13.5% among 82 patients,
but formal testing was not carried out (198). Here again,
the high rate of consanguinity was proposed as an expla-
nation; hypoglycemia could not be correlated with these
findings.

In the Ecuadorian GHRD cohort, exceptional school
performance was reported among 51 affected individuals
of school age or older who had attended school, with 44
typically in the top three places in their classes and most
thought to be as bright or brighter than the smartest of
their unaffected siblings (223). The first controlled docu-
mentation of intellectual function in a population with
GHRD was in the Ecuadorian patients, a study of school-
age individuals compared to their close relatives and to

community controls. No significant differences in intel-
lectual ability could be detected among these groups, us-
ing nonverbal tests with minimal cultural limitations. It
was hypothesized that the exceptional school performance
in this population might have been related to the lack of
social opportunities due to extreme short stature, permit-
ting greater devotion to studies and superior achievement
in school for IQ level (205).

The clinical findings of intellectual impairment with
IGF-I gene deletion (46) and intellectual normality with
GHRD is consistent with gene disruption studies in mice.
The IGF-I-deleted mouse is neurologically impaired,
while the GHRD mouse is behaviorally normal (224).
Thus, while GH-independent IGF-I synthesis appears nec-
essary for normal brain development in utero, GH-depen-
dent IGF-I production is not necessary for normal brain
development and function.

B. Laboratory Evaluation

The methods for GH testing include provocative stimu-
lation with arginine, insulin, clonidine, l-DOPA, and glu-
cagon, frequently with propranolol priming, and physio-
logical testing with exercise or serial sampling. Priming
with sex steroids is often done, especially in late prepub-
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ertal children. GH secretion is pulsatile throughout the
day, with the usual concentration being low, typically be-
low the limits of sensitivity of most assays. Thus, random
GH samples are not helpful unless they are elevated,
which might occur as a result of the stress of venipunc-
ture. These various stimuli provoke GHRH release, sup-
press somatostatin, or work in combination. Serial sam-
pling studies have not been helpful in diagnosis (225).
Exercise must be standardized in terms of VO2 max,
which is difficult to accomplish.

The problems with GH testing are:

Response only correlates with successful GH treat-
ment when there is unequivocal deficiency (226).

Deficient GH response to stimulation is seen without
endocrine disease, for example, in malnutrition,
and during the slow growth phase of preadoles-
cence.

There is great variability in the assay from laboratory
to laboratory. The monoclonal immunoradiome-
tric assay results in values that are approximately
two-thirds those of the polyclonal assay (227).

There is great intraindividual variability in response
from day to day, including nocturnal profiles
(228).

Responses vary with age and body mass (229).
The definition of a normal response is arbitrary.

In view of these difficulties with GH testing, the mea-
surement of GH-dependent IGF-I and IGFBP-3 for the
diagnosis of GHD has been proposed as a functional bio-
assay. These substances have low or no circadian varia-
tion. They are present in sufficient concentration to min-
imize difficulties with assay sensitivity. They vary with
nutritional status and in disease states, however, and there
is wide age variation (Table 4). They may also be normal
in children with GHD resulting from brain tumors.

Two studies have looked at the usefulness of IGF-I
and IGFBP-3 measurements. Based on results of peak
stimulated GH and mean nocturnal GH concentrations,
Nunez et al. (230) organized 104 short-statured patients
into three groups: GHD (<7 �g/L) , borderline (7–10
�g/L, or nocturnal GH below �2 SD of mean for age and
pubertal stage), and idiopathic short stature (ISS, >10
�g/L). Confirmed was the earlier finding that nocturnal
GH monitoring had little diagnostic value (225). IGF-I
and IGFBP-3 concentrations, expressed as SD scores, cor-
related with peak stimulated GH but with wide scatter and
primarily as a result of the strong correlations in the GHD
group. Although means differed, there was not a signifi-
cant difference between IGFBP-3 concentrations among
patients in the three diagnostic groups, and only the GHD
group differed in IGF-I mean concentration from the other
two. The practical application of these findings was to use
IGF-I for initial testing, with a criterion of �1.0 SD to
identify a subgroup that would include 88% of those

with GH deficiency, 71% of borderline GHD, and
46% of ISS. With IGF-I and IGFBP-3 above �1.0 SD,
68% of ISS would be identified as not requiring GH test-
ing. Evaluation of growth velocity over the next 3–6
months will identify those children requiring further test-
ing.

In a study that classified 203 children into one of two
groups, GHD and normal on the basis of response to pro-
vocative testing, IGF-I and IGFBP-3 concentrations were
found to correlate with peak GH response. In children <10
years of age with GHD, however, IGF-I concentrations
were below the cutoff of �2 SD in only half, for a sen-
sitivity of 53.3%. IGFBP-3 gave a comparable sensitivity
of 60% and the combination was even less sensitive
(46.6%). Specificity, however, was nearly 100% for both
IGF-I and IGFBP-3. In 10–20-year-olds specificity and
predictive value of these measures were generally lower
(231).

C. GHD

GHD may be considered with the following findings or
circumstances:

Other systemic causes of growth failure ruled out
Subnormal growth rate
Progressive decline in height percentile
Delayed bone age
Low IGF-I, IGFBP-3
Poor GH response to stimulation
Predisposing condition (e.g., brain irradiation, optic

atrophy)
Other evidence of pituitary dysfunction (e.g., neonatal

hypoglycemia, microphallus, midfacial hypopla-
sia, central adiposity, single central incisor)

Consensus guidelines for the diagnosis and treatment of
GHD in childhood and adolescence were developed by
the GH Research Society in October 1999 (232). The pro-
cess of evaluation of the GH-IGF axis was summarized
as follows:

In a child with slow growth, whose history and aux-
ology suggest GHD, testing for GH/IGF-I defi-
ciency requires IGF-I/IGFBP-3 levels and GH
provocation tests after hypothyroidism has been ex-
cluded. In suspected isolated GHD, two GH prov-
ocation tests (sequential or on separate days) are re-
quired. In those with defined CNS pathology,
history of irradiation, MPHD or a genetic defect,
one GH test will suffice. In addition, an evaluation
of other pituitary function is required. In patients
who have had cranial irradiation or malformations
of the hypothalamic–pituitary unit, GHD may
evolve over years and its diagnosis may require re-
peat testing of the GH–IGF axis.

It is recognized, however, that some patients with
auxology suggestive of GHD may have IGF-I and/
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or IGFBP-3 levels below the normal range on re-
peated tests, but GH responses in provocation tests
above the cut-off level. These children are not clas-
sically GH deficient but may have an abnormality
of the GH–IGF axis and, after the exclusion of sys-
temic disorders affecting the synthesis or action of
IGF-I, could be considered for GH treatment.

An MRI (or CT scan) of the brain with particular
attention to the hypothalamic–pituitary region
should be carried out in any child diagnosed as hav-
ing GHD.

Conclusion

The diagnosis of severe GHD is usually straightfor-
ward, as there are well-defined clinical, auxological,
biochemical, and radiological abnormalities. How-
ever, the diagnosis of moderate GHD can be asso-
ciated with normal values within the IGF axis and
a normal MRI. It is very important that the response
to GH treatment be carefully reviewed, particularly
in those patients with moderate GHD.

D. GHRD

GHRD is readily diagnosed in its typical and complete
form because of severe growth failure; the somatic phe-
notype of severe GHD; elevated serum GH levels; and
marked reduction in IGF-I, IGF-II, and IGFBP-3 concen-
trations, with increased concentrations of IGFBP-1 and
IGFBP-2. Most such individuals will also have absent to
very low concentrations of GHBP, although the less com-
mon GHBP-positive forms make absence of GHBP an
important but not essential criterion. As noted in Table 2,
some of the biochemical features of GHRD may be shared
by conditions associated with acquired GH insensitivity,
such as malnutrition and liver disease. In a large multi-
national study designed to identify patients for replace-
ment therapy with recombinant human IGF-I (rhIGF-I), a
scoring system was developed that assigned one point for
each of the following:

Height >3 SD below mean height for age
Basal GH >2.5 �g/L
Basal IGF-I <50 �g/L
Basal IGFBP-3 <�2 SD
IGF-I rise with GH (0.05 mg/kg/day � 4 days) <15

�g/L
IGFBP-3 rise with GH stimulation <0.4 mg/L
GH binding <10% (based on binding of 125I-hGH)

A score of 5 out of the possible 7 was considered
diagnostic for GHRD. This standard resulted in identifi-
cation of 82 patients from 22 countries who reflect a wide
variability for each criterion. Particularly noteworthy was
that height SDS range was up to �2.2 (233). These cri-
teria recognize the age and gender (after age 7 years) var-
iation of IGFBP 3 by using a standard of �2 SD but,

oddly, designate a fixed standard for IGF-I that falls
within the range of normal for children under age 7 (Table
4).

As noted above, the presence of a homozygous mu-
tation or a compound heterozygous mutation affecting the
GHR usually provides definitive diagnosis. Thirty-one of
the 82 patients reported by Woods et al. (198) underwent
a genetic study of the GHR, of whom 27 had abnormal-
ities affecting both alleles of the GHR gene, in association
with clinically and biochemically unequivocal GHRD.
Identification of heterozygous mutations, however, is not
necessarily helpful because, as noted earlier, polymor-
phisms have been described that appear to have no phe-
notypic consequences.

X. TREATMENT

A. GHD

1. History
The history of GH therapy for the treatment of GHD now
spans more than 40 years. In 1958, Raben reported the
first use of human pituitary-derived GH for replacement
therapy in a child with hypopituitarism (234). Until the
advent of recombinant GH products for general use in
1985, GH therapy was in very limited supply and subject
to many interruptions, because of the limited supply of
human pituitary gland and the absence of effects of GH
extracted from the pituitary glands of other mammalian
species. As a result, only a very select group of patients
could be treated. These children had unmistakable GHD,
having failed to respond to at least two GH stimulation
tests using extremely stringent criteria. Treatment with as
little as 2.5 units once weekly was effective in improving
growth velocity (235, 236); however, overall, children
were suboptimally treated because of relatively low dos-
age and intermittent therapy due to limited supplies. At
best, they achieved an adult height �2 to �2.5 standard
deviations below the normal means (237, 238).

Use of pituitary-derived GH came to a rapid halt in
1985 with the recognition of Creutzfeldt–Jakob disease
(CJD) in recipients of pituitary-derived GH (239, 240).
CJD is a rare prion disease with a long latency period,
transmitted by the pituitary-derived product to at least 70
former patients. Affected individuals develop neurological
degeneration and dementia. Diagnosis is difficult, requir-
ing brain biopsy. There is no therapy (241, 242).

Fortunately for patients with GDH, rhGH (a 192
amino acid product) entered formal testing in 1981 and
was approved for use by the Food and Drug Administra-
tion in 1985. With the advent of recombinant product, a
continuous, unlimited supply of GH became available for
the more optimal treatment of children with GHD. Such
a large and reliable supply has allowed physicians to seek
the best dosages and treatment intervals and to verify the
safety of therapy.
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Table 5 Reported Side Effects of
Growth Hormone Treatment

Growth of nevi
Peripheral edema
Pseudotumor cerebri
Gynecomastia
Pancreatitis
Slipped capital femoral epiphysis
Scoliosis
GH antibody formation
Hypothyroidism
Hyperinsulinism
Glucose intolerance/type 2 diabetes

2. Guidelines of GH Therapy
In patients with GHD, GH therapy provides the best
growth velocity response in the first 12 months of therapy
(three to five times pretreatment velocity), and improved
velocity (above pretreatment levels) is maintained
throughout the duration of therapy. Continuous therapy in
a dosage range of 0.15–0.30 mg/kg/week, divided into
six or seven daily doses per week, optimizes response,
and the long-term result is further improved by early ini-
tiation of therapy (before the age of 6 years) (243–248).
Some investigators recommend that therapy be given at
bedtime, because GH secretion in normal children is max-
imal during sleep (232). Standard of care dictates that
children being treated currently are evaluated every 3–6
months by endocrinologists familiar with monitoring for
efficacy and safety. The ultimate objective of therapy, of
course, is to normalize adult height, but considerable de-
bate remains surrounding the definition of ‘‘normal.’’

3. Adult GH Therapy
Although his or her epiphyses are fused, the adult with
GHD nevertheless may benefit from continuation of GH
replacement therapy, at a much smaller dose than that
used to stimulate growth. Long-term monitoring of adults
with GHD has revealed a striking physical profile in the
absence of continued therapy, an increased risk for obe-
sity, for lipid disorders, and for significant cardiovascular
morbidity and mortality (249, 250). Recognition of the
role of GH in lipolysis, muscle strength, and generalized
well-being in adults has led to acceptance of the use of
rhGH in management of adults with hypopituitarism
(251). The observation that the recently appreciated car-
diovascular risk factor of elevated serum homocysteine is
improved in men with GHD treated with GH suggests a
mechanism for the increased risk with GHD (252, 253).
Current guidelines include cessation of growth-promoting
GH therapy in the patient who has reached adult height.
Because spontaneous resolution of GH deficiency has
been documented in 50–80% of patients, particularly
those with isolated GHD, any adult being considered for
adult GH replacement therapy should undergo provocative
GH stimulus testing within 6 months of cessation of GH
therapy (251). An adult patient diagnosed with any pitu-
itary deficiency should likewise undergo GH stimulation
testing, because of the recognized benefits of identification
and treatment of adult-onset GHD.

4. Safety Issues
Long-term, worldwide use of rhGH has allowed endocri-
nologists to monitor and document the relative safety and
rarity of side effects associated with the recombinant
product. Unlike pituitary-derived GH, recombinant GH
does not carry a risk of human infectious contamination.
Large-scale collaborative efforts, such as the National Co-
operative Growth Study (NCGS) sponsored by Genentech
and the KIGS (Kabi International Growth Study) spon-

sored by Pharmacia and Upjohn are permitting endocri-
nologists to share and analyze data regarding safety and
efficacy of rhGH, in therapy of hypopituitarism and other
growth-deficient states.

In 1998, Root et al. (244) summarized the North
American NCGS experience in the use of recombinant
human GH in more than 20,000 children, of whom 44%
had idiopathic GH deficiency and 13.8% had organic GH
deficiency. This evaluation, like the others that preceeded
and followed it, confirmed the general safety of GH in
patients who do not have other underlying risk factors
(particularly malignancy or genetic syndromes in which
malignancy is a frequent feature).

Side effects that have been reported in patients re-
ceiving recombinant human GH are listed in Table 5. Salt
retention with peripheral edema is sometimes noted with
initiation of GH therapy. Pseudotumor cerebri has been
noted to occur in some patients in the first 5 years of
therapy (254). It is more common in patients with renal
insufficiency or Chiari malformation. Typically, symptoms
resolve with temporary cessation of therapy and generally
do not recur when therapy is reintroduced a week or more
later. Some investigators advocate resumption of GH ther-
apy at lower doses with gradual increases to the pre-
symptomatic level.

Prepubertal gynecomastia has been reported in some
children treated with GH (255). Twenty-five percent of
patients with GHD may have falling T4 levels after start-
ing GH replacement therapy, necessitating regular assess-
ment of serum thyroxine levels during GH therapy (256).
GH antibodies develop in some patients, but diminution
of growth response beyond that normally expected with
continued therapy does not occur, except in the rare pa-
tient with type IA GHD. Scoliosis is sometimes seen, par-
ticularly during the period of peak growth velocity, and
can compromise final height in some patients. Slipped
capital femoral epiphysis (SCFE) may occur with therapy,
possibly reflecting a growth effect rather than an adverse
effect of GH (257); children with long-standing IGF-I de-
ficiency may be at greater risk of this complication.
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Among GHRD patients from Ecuador, 25% had radiolog-
ical evidence of Legg-Perthes disease (100). Therefore,
careful monitoring for knee pain, hip pain, or limp should
be a part of each clinic visit, and patients’ families should
be instructed to report any joint symptoms or gait changes.
Pancreatitis is a rare side effect of GH therapy, but should
be suspected in the patient with recurrent abdominal pain
and emesis (258).

Although hyperinsulinemia may occur in response to
GH therapy, glucose intolerance or diabetes has been con-
sidered rare. A retrospective analysis of the KIGS database
found 85 of 23,333 children reported as having abnormal
glucose metabolism, 43 of which were confirmed using
American Diabetes Association (ADA) criteria. Eleven of
the 43 had type 1 diabetes, consistent with expected fre-
quency for the population, whereas 18 had type 2 diabetes
and 14 impaired glucose tolerance, giving an incidence of
type 2 diabetes of 34.4:100,000 years of GH treatment.
The type 2 diabetes was not associated with obesity and
did not clear up with discontinuation of GH (259). The
authors’ rejection of half of the patients diagnosed by their
physicians as having glucose intolerance or diabetes re-
flects the more stringent criteria of the ADA than those of
the WHO that these European investigators were more
likely to be using. Even without this consideration, this is
an approximately 20-fold greater incidence than expected
in a largely white population (260). Similar observations
have not been reported from the NCGS database.

The mitogenic potential of GH has led to careful
monitoring and considerable concern about whether GH
therapy might increase a patient’s risk of malignancy or
of tumor recurrence if a patient has had a primary malig-
nancy. Studies to date have not revealed an increase in
cancer risk for patients receiving GH replacement therapy.
Although an increase in size of nevi can be seen, there
has been no increase in melanoma formation. Careful
analysis of a cluster of cases of leukemia in Japanese pa-
tients receiving GH therapy and similar extensive evalu-
ation of nine cases in the United States and Canada re-
vealed that the number of cases was not different from
that expected for the general population (261–263). In the
US/Canadian cohort, six of the patients had risk factors
for leukemia (262). Specific examination of risk for pa-
tients with treated malignancies has not demonstrated that
GH increases tumor recurrence risk (264). Patients with
malignancy should not receive GH therapy during the
acute phase of the malignancy and should be disease-free
for at least 1 year after successful surgery, radiotherapy,
or chemotherapy before starting GH therapy (265). Pa-
tients who have had malignancies or who have syndromes
in which malignancy is a known component should have
close monitoring by an endocrinologist, oncologist, neu-
rosurgeon, or geneticist at frequent intervals.

The development of a purified, relatively safe rhGH
product has allowed many patients with hypopituitarism
to attain normal height and health. The availability of

rhGH has also permitted many non-GH-deficient short
children, including those with a variety of genetic syn-
dromes, to receive GH therapy in hopes of improving their
final height. For those children, therapy has had varying
degrees of success.

B. GHI/GHRD

Soon after the cloning of the human IGF-I cDNA, human
IGF-I was synthesized by recombinant DNA techniques
(rhIGF-I) (266, 267). Subcutaneous preparations of
rhIGF-I became available in 1990. Results have been re-
ported for 67 patients with GHI treated with rhIGF-I for
12 months or longer. Five of these patients had GH gene
deletion with acquired GHI due to GH inhibiting antibod-
ies (53). The rest had primary GHI, including Pakistani
and Arab patients thought to have postreceptor defects.

1. Dose–Response
In the European multicenter study (268), responses to
twice-daily doses varied, but average dosage was similar
to that used in the North Carolina (53, 269, 270) and
Ecuadorian (52, 271) study populations. As predicted
from short-term studies, IGFBP-3 levels did not increase
during long-term treatment with rhIGF-I. In the only di-
rect comparison of dosages, there was no difference in
growth response between 80 �g/kg body weight and 120
�g/kg twice daily, apparently defining a plateau effect
(52). Improvement in mean height SDS over 2 years was
1.2 in the European study, 1.5 for the higher dosage and
1.3 for the lower dosage in Ecuador, and 1.3 in the North
Carolina study. The European multicenter study and Ecu-
adorian study patients achieved two-thirds of their im-
provement in the initial year (Table 6). In the Israeli pa-
tients treated with single daily injections of rhIGF-I (120
�g/kg), there was an improvement of only 0.4 SDS during
the first year of treatment, with no further improvement
for the 6 patients completing 2 years of therapy (272).
This supports the rationale for twice-daily administration,
which was based on kinetic studies in normal controls.

Comparison of growth response of 22 rhIGF-I treated
GHRD patients and 11 GH-treated GHD patients in the
same setting demonstrated mean growth velocity incre-
ment in those with GHRD to be 63% of that achieved
with GH treatment of GHD in the first year and less than
50% in the second and third years (52). The North Car-
olina group has reported IGF-I treatment responses after
6.5–7.5 years in five children with GHRD and three with
GHI from antibody formation (53). The inadequate
growth response compared to GH treatment of GHD per-
sisted over this longer term treatment period, with a mean
improvement in height SDS of only 1.4 (from �5.6 to
�4.2), thus only sustaining the improvement of the first
2 years of treatment, as noted in Table 6. The most recent
report from the European study described 17 patients
treated for 48 months or longer. Overall increase in height
SDS was 1.67 � 1.16, suggesting modest continued im-
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Table 6 IGF-I Treatment of Children with GH Insensitivity for 1 Year or Longer

Number
(males)

Age
(yrs)

IGF-I dose
(�g/k)

Ht SDSg

Start 1 year 2 year 4–7.5 yrs
Source

(reference)

26 (14) 3.7–19.6 40–120 bid �6.8 (1.6) �6.1 (1.5) X X Europe (268, 273)
18 (10)a 3.7–16.7 40–120 bid �6.4 (1.7) �5.6 (1.6) �5.2 (1.9) X
17 (9)a 3.7–13.4 40–120 bid �6.5 (1.3) �5.8 (1.5) �5.4 (1.8) �4.9 (1.8)

2 (1)b 18/17.5 120 bid �8.0/�9.1 �7.1/�7.9 X X Ecuador (52, 271,
16 (5) 4.7–17.1 120 bid �8.5 (1.3) �7.5 (1.1) �7.0 (1.2) X 274, 275)

7 (2) 3.1–15.2 80 bid �8.0 (1.8) �7.2 (1.8) �6.7 (1.8) X
21 (6)c 3.1–17.1 80–120 bid �8.1 (1.2) �7.3 (1.2) �6.7 (1.4) �6.3 (1.3)

9 (6)d 0.5–14.6 150–200/d �5.6 (1.5) �5.2 (1.7) X X Israel (272)
6 (4)e 0.5–14.6 150–200/d �6.2 (1.5) �6.0 (1.6) �5.8 (1.2) X

8 (6)f 2.3–11 80–120 bid �5.6 (1.1) NA �4.5 (1.3) �4.2 (1.9) North Carolina
(53, 269)

aSame cohort as all 26.
bAlso treated with GnRH analog.
cSame cohort as above.
dPatient age 0.5 excluded because rapid growth first 6 months of life before treatment (18 cm/yr).
eSame cohort as all 9.
f5 with GHRD, 3 with GHD IA and antibody-induced GHI.
gSD in parentheses.
NA, not available.

Figure 14 Face and hair changes in 17.7 year old patient (bone age, 13 years) with GHRD during 6 months treatment with
IGF-I, 120 �g/k twice daily and depot GnRH agonist begun at age 16.5 years. (Reprinted from Rosenbloom AL. IGF-I treatment
of growth hormone insensitivity. In: Rosenfeld RG, Roberts CT (eds.). The IGF System: Molecular Biology, Physiology, and
Clinical Applications. Copyright 1999, with permission from Humana Press, Totowa, NJ; pp. 739–769.)

provement over time in this group, but still markedly less
than expected with GH replacement therapy (273). Studies
in Ecuador noted correlation of growth acceleration with
trough levels of serum IGF-I, obtained before the 12
hourly injection (52). Also noted was an increase in body
weight for height; in the European study, the gain in BMI
correlated with improvement in SDS for height. In the

North Carolina patients, fat mass increased with treatment
and was thought to reflect high-dosage IGF-I insulin-like
effects during peak times following IGF-I injection (53).

The lesser rate of response to IGF-I in GHI/GHRD
than to GH in GHD could be attributable to failure to
increase IGFBP-3 and ALS levels, a direct GH effect.
However, three children who had defective IGF-I synthe-
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sis attributed to a postreceptor defect did not grow better
while receiving IGF-I than did subjects with GHRD, de-
spite their normal IGFBP-3 levels (199, 272). Further-
more, acromegaloid facial changes in some patients (Fig.
14) indicate that the amount of IGF-I reaching tissues is
supraphysiological (53, 271, 273). The more likely expla-
nation for the relatively modest growth response is the
absence of the direct GH effects at the growth plate. These
effects include epiphyseal prechondrocyte differentiation,
increased responsiveness to IGF-I, and enhancement of
local production of IGF-I that stimulates clonal expansion
of the differentiating chondrocytes (50, 51). Of great in-
terest would be studies of the administration of recombi-
nant IGFBP-3 with rhIGF-I. The pursuit of further treat-
ment studies with rhIGF-I, however, is limited by the
decision of manufacturers to no longer produce IGF-I.

2. Adverse Events
Hypoglycemia is frequent in children with GHRD, and
was a concern with rhIGF-I treatment because of the very
low IGFBP-3 levels resulting in greater amounts of free
IGF-I. Severe hypoglycemic episodes have been reported
in the European treatment study (268). During a 6-month
placebo controlled trial of rhIGF-I treatment in children
with GHRD, however, there was no difference in the fre-
quency of hypoglycemia between placebo and treatment
groups (274). Headache is a frequent complaint among
treated patients, but also did not vary in frequency be-
tween placebo-treated and rhIGF-I-treated patients (268).
Pain at the injection site is common and injection into
lumps may result in cessation of response. Tachycardia,
reflecting the inotropic effect of IGF-I (276), is uniformly
present early in treatment, but clears after several months
(277). Less frequent side effects include parotid swelling,
facial nerve palsy, lymphoid hyperplasia that may require
tonsillectomy or adenoidectomy, papilledema, and pseu-
dotumor cerebri. Coarsening of the facial features with
mandibular hyperplasia and excessive weight gain are also
seen in some patients (278, 279). Hyperandrogenism, with
oligomenorrhea or amenorrhea, acne, and elevated serum
androgens, has been described in prepubertal and young
adult patients given single daily injections of rhIGF-I
(280).
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I. INTRODUCTION

Human growth hormone (GH) was first used more than
30 years ago to stimulate growth in a child with hypopi-
tuitarism (1). Subsequently, a limited supply of pituitary
glands from which GH could be extracted and purified
required that GH therapy be restricted to children with the
most severe and unequivocal GH deficiency. Strict, arbi-
trary laboratory criteria were established to identify pa-
tients likely to derive the greatest benefit from scarce GH.
Delays in diagnosis and treatment, interruptions in ther-
apy, and dosage restrictions were common during this
time. Consequently, while GH accelerated growth of these
individuals, adult statures were usually less than average
(2–4).

In 1985, the first case of Creutzfeld-Jakob disease
(CJD) in patients who had received GH was recognized;
investigation disclosed that pituitary glands from which
the GH was derived were contaminated with subviral par-
ticles. Distribution of pituitary-derived GH was stopped.
Subsequently, in the United States, CJD was diagnosed in
seven recipients of GH distributed by the National Hor-
mone and Pituitary Program (5, 6). It was fortunate that
192 amino-acid biosynthetic GH, first tested in the United
States in 1981, was approved by the Food and Drug Ad-
ministration (FDA) in 1985 (7) and a second 191 amino-
acid biosynthetic GH was approved in 1987. The produc-
tion of GH by biological systems (Escherichia coli and,
more recently, mammalian cells [8]) transplanted with the
GH gene yields a virtually unlimited supply of GH.

Biosynthetic GH therapy eliminated the risk of CJD
and offered children with severe GH deficiency an op-
portunity for optimal treatment. Children with milder
forms of inadequate GH secretion, previously excluded
from receiving GH, could be treated. Increased availabil-
ity of recombinant DNA-derived GH has also allowed in-
vestigation of its growth-promoting effects in poorly
growing children who do not fit traditional definitions of

growth hormone deficiency (GHD), many of whom were
previously believed to be unresponsive to GH treatment.
In addition, metabolic effects of GH apart from linear
growth promotion are now being studied extensively,
leading to new indications for GH therapy.

Abundance of GH has added complexity to decisions
about treatment of stature disorders. Human growth hor-
mone augmentation therapy has now been added to GH
replacement therapy, thus expanding the traditional
boundaries of endocrinology endeavors, in which missing
hormones are replaced and excessive hormones produc-
tion suppressed. Advantages conferred by increased height
in social, economic, professional, and political realms of
Western society are well documented. Concern about so-
cial and psychological harm of short stature, and hope for
effective therapy, have resulted in increased referrals for
growth-promoting therapy. However, data confirming that
stature per se is a primary determinant of psychological
health are limited, although some have reported a higher
frequency of underachievement, behavior problems, and
reduced social competency in short-statured children (9).
Neuroendocrine dysfunction (e.g., classic growth hormone
deficiency), rather than stature itself, may correlate most
closely with psychological and scholastic impairment
(10). Although the physiological benefits of GH supple-
mentation to children with severe GH deficiency appear
obvious, data confirming the efficacy of GH therapy in
improving the quality of life of non-GH-deficient recipi-
ents are scarce (11).

For many children, GH treatment will be appropriate
therapy after the cause, concerns of patients and parents,
and likelihood of success have been assessed. For most
short children, however, efforts to build self-esteem
through parental support, judicious selection of activities,
and counseling will be more effective than injected GH
therapy. The decision to institute long-term GH therapy
should include both careful physical and psychological
evaluation, to determine whether the degree of disability
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Table 1 Growth Disorders, Illnesses, and Metabolic Conditions for which hGH Treatment has
been Investigated.

Familial short stature Catabolic states
Constitutional delayed growth Postoperative wound healing
aIntrauterine growth retardation: Burns

Russell-Silver syndrome
a Turner syndrome
Skeletal dysplasia

Hypochondroplasia
Achondroplasia
Spondyloepiphyseal dysplasia
Multiple epiphyseal dysplasia
Hypophosphatemic

Miscellaneous syndromes
Noonan syndrome
aPrader-Willi syndrome
Down syndrome

aGrowth hormone deficiency in
adults

Regenerative or reparative states
Fractures
Peripheral nerve damage

Neural tube defects
Spina bifida
Myelomeningocele

Chronic illness
Glucocorticoid-dependent disorders (renal transplantation,

juvenile rheumatoid arthritis, asthma)
Chronic renal failure
Cystic fibrosis
AIDS wasting
Inflammatory bowel disease

Aging

a FDA-approved indication for GH therapy.

and likelihood of therapeutic benefit justify investment of
the required emotional and monetary resources. Although
experience has shown that side effects appear minimal,
other possible effects remain unknown. Unexpected ben-
efits may also be found.

The spectrum of disorders for which GH has been
prescribed and the number of children receiving treatment
(Table 1) continue to increase. In this chapter, we review
aspects of GH treatment for severe, ‘‘classic’’ GH defi-
ciency, including recent information on nongrowth meta-
bolic effects of GH for adult GH-deficient individuals.
Treatment of various short-stature conditions and cata-
bolic disorders with GH is also considered, reflecting the
recent proliferation of investigations of the metabolic and
growth-promoting effects of GH in non-GH-deficient in-
dividuals. Possible risks and ethical issues related to GH
therapy are also addressed.

II. GROWTH HORMONE PHYSIOLOGY

Human growth hormone is secreted by the anterior pitu-
itary gland throughout life under the primary influence of
stimulatory growth hormone-releasing hormone (GHRH)
and inhibitory somatostatin (SRIH). Both of these regu-
latory peptides are synthesized in and released from the
hypothalamus. The cyclical pulsatile secretion of GH is a
response to a coincident decline in SRIH release and
abrupt increase in GHRH secretion, modified by the input
of neurotransmitters and the metabolic status upon the hy-
pothalamus and somatotroph (12). Both GH and insulin-
like growth factor-1 (IGF-1) exert positive feedback on
SRIH secretion, and GH exerts negative feedback on

GHRH secretion. Growth hormone is released in response
to sleep, exercise, and relative hypoglycemia. Sleep-as-
sociated pulses of GH release usually occur in the first
30–60 min of sleep, and can occur at any time of day
when individuals reach stages 3 and 4 of slow-wave sleep.
Vigorous exercise for 15–20 min provokes a significant
GH surge in 90% of normal children. Since surges in GH
are more prolonged in physically unfit than in fit individ-
uals performing comparable work, exercise-induced GH
release appears more related to physical stress than to ex-
ercise per se. Psychological stress, such as venipuncture
or general alarm, also produces GH elevations. Rises in
GH occur with the postprandial decline of blood glucose
concentration, and GH secretory surges occur more often
in the hours preceding meals than those following meals
(13).

Human growth hormone is synthesized and stored in
acidophils of the pituitary gland and accounts for as much
as 8% of pituitary weight. About 80% of secreted GH has
a 191-amino acid sequence and molecular weight of 22
kD; the other 20% is approximately 20 kD and is pro-
duced by alternate gene splicing, which deletes amino
acids 32–46 from the RNA. Human growth hormone is
found in pituitary gland and plasma as monomers, dimers,
and oligomers. Many other variants of GH, including pro-
teolytically cleaved, N-acetylated, and deamidated forms,
may also be found either as physiological variants or
products of the extraction process. Because GH is species-
specific, animal GH other than that from primates is in-
effective in humans. Circulating GH-binding protein
(GHBP) complexes about 50% of GH and probably acts
as a modulator of release and distribution to tissues (14).
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GHBP shows immunological identity with the extracel-
lular domain of the GH receptor, and concentrations of
GHBP are low in patients with GH receptor deficiency
(15). The regulation of GHBP remains uncertain; gonadal
steroids such as estrogen increase GHBP activity, while
GH secretory status appears to play a minor role (16).

Serum GH concentrations are high in full-term and
premature infants during the first 24 h of life, averaging
50–60 ng/ml and resulting from both enhanced frequency
and amplitude of pulses (17). In full-term, but not in pre-
mature infants, GH levels fall after 48 h. Thereafter,
growth hormone concentrations reflect pulsatile secretion,
which occurs more often and with higher peaks during
infancy, diminishes during childhood, and is lowest in late
prepubertal childhood and in adults. Spontaneous puberty
in boys or androgen treatment of prepubertal boys results
in significant increases in GH release (18). This sex-hor-
mone-induced augmentation of growth hormone secretion
is primarily an amplitude-modulated phenomenon, al-
though more frequent GH peaks do occur (19). It is in-
teresting, however, that testosterone’s effect on pubertal
growth may be largely independent of changes in circu-
lating GH (20). Stimulation of the somatotropic axis by
testosterone is partly dependent upon its aromatization to
estradiol; GH levels in adult women are higher than in
men and rise in men when they are given estrogens (21).

The very short half-life (less than 20 min) of circu-
lating GH requires that blood sampling be carried out at
frequent intervals to identify peaks. Studies of children
indicate that normal and short stature are both associated
with a broad range of GH secretion patterns (22). Whereas
it was previously thought that a bimodal distribution of
GH secretion discretely separated normal from abnormal,
it is now clear that (with the rare exception of complete
GH deficiency secondary to GH gene deletion or abnor-
malities of expression) a continuum of ‘‘inadequate’’ GH
secretion likely spans classic and partially GH-deficient
children, children with delayed growth and puberty, and
other poorly growing children who pass provocative tests
but still secrete less GH than their peers. An asymptotic
relationship between growth velocity and spontaneous GH
secretion has been postulated for short children (23). This
spectrum of GH insufficiency, in which there are varying
degrees of abnormal GH secretion, creates enormous dif-
ficulty in interpreting tests of GH secretion.

III. GROWTH HORMONE EFFECTS

The objective of GH therapy traditionally has been to in-
crease the growth rate and adult height of short-statured
GH-deficient children. The effectiveness of this therapy
has been assessed through achievement of normal growth
velocity and height. Although linear growth promotion re-
mains the focus of GH therapy, additional metabolic ef-
fects of GH are being actively investigated for their po-

tential clinical application. The major indirect actions of
GH are anabolic and growth-promoting, mediated by in-
sulinlike growth factors (principally IGF-1), and include
cell proliferation and protein synthesis in both skeletal and
nonskeletal tissues. The IGFs are a family of peptides with
molecular weight similar to insulin that have insulinlike
activity. Circulating IGFs are produced primarily by the
liver in response to GH stimulation, and circulate bound
to larger carrier proteins (IGFBPs) with molecular weight
of 28–150 kDa. Since most organs synthesize IGFs, their
action may occur within their cells of synthesis (auto-
crine), on cells in the immediate area (paracrine), and at
distant sites (endocrine). A complex interplay of IGF pro-
duction rates, clearance, and degree of binding to various
IGFBPs modulates the levels and systemic activity of free
IGFs (24).

The most apparent metabolic effect of GH is stimu-
lation of linear growth in children prior to epiphyseal fu-
sion. The relative roles of GH and IGF-1 in stimulating
bone growth may be most accurately described by a so-
called dual effect model of GH action, in which GH stim-
ulates cartilage precursor cells first to differentiate and
subsequently to produce, and become responsive to, au-
tocrine and paracrine mitogenic effects of IGF-1 (25). The
wide distribution of receptors for IGF-1, and the fact that
blood levels of IGFs are higher than in any tissue, suggest
that the endocrine function may also be important. How-
ever, administration of IGF-1 to hypophysectomized rats
does not promote growth equivalent to that of GH (26).
IGF-1 also participates in negative feedback regulation of
GH secretion by stimulating hypothalamic somatostatin
secretion (27) and by inhibiting the action of GHRH (28).

IGF-1 levels correlate with the clinical state of GH
deficiency, sufficiency, or excess. Serum IGF-1 levels are
low in utero and in infancy, increase with age in both boys
and girls, reach maximum values during puberty (earlier
and higher in girls than boys), and decline to adult values
as adolescence is completed. Although often used as part
of the assessment of hypopituitarism, IGF-1 levels do not
exclusively reflect GH production and are age-dependent.
Concentrations of IGF-1 correlate more closely with bone
age and puberty (29) than with chronological age. Hy-
pothyroidism, malnutrition, poorly controlled diabetes,
and chronic disease diminish secretion of IGF-1. Thus, a
low serum IGF-1 level is consistent with, but not diag-
nostic of, GH deficiency. The normally low levels of IGF-
1 in infants and young children preclude its diagnostic
utility for classic GH deficiency in this age group. Given
these limitations, the use of IGF-1 alone as a screening
test for GH status is of little diagnostic value. However,
the Growth Hormone Research Society recently recom-
mended measurement of IGF-1 and IGFBP3 in addition
to provocative GH testing as a means of identifying chil-
dren with abnormalities in the GH/IGF axis not detected
by standard tests.
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Other metabolic effects of GH can be described as
anabolic, lipolytic, and diabetogenic (Fig. 1). Growth-hor-
mone-induced growth acceleration is facilitated by con-
comitant enhancement of protein synthesis in bone, car-
tilage, skeletal muscles, the erythropoietic system, and
other major organs. Administration of GH produces pos-
itive nitrogen balance, increased amino acid transport into
cells, increased intracellular RNA, and decreased urea
production and blood urea nitrogen (BUN) levels. The
metabolic efficacy of total parenteral nutrition is also en-
hanced by GH (30). A high-normal or mildly elevated
BUN level and low serum phosphorus and alkaline phos-
phatase level are usually observed in GH deficiency and
reverse with GH treatment. Effects on mineral metabolism
include increased intestinal calcium absorption and uri-
nary calcium excretion and reduced urinary phosphate ex-
cretion (31). Bone density and levels of osteocalcin, pro-
collagen type 1, and 1,25-dihydroxyvitamin D are reduced
in GH-deficient children and increase with long-term GH
therapy (32).

Growth hormone receptors and expression of GH re-
ceptor mRNA have been demonstrated in both preadipo-
cyte cultures and mature adipocytes. Some actions of GH
in adipose tissue are mediated directly through interaction
with the GH receptor, while others are mediated indirectly
through IGF1. These actions include inhibition of differ-
entiation of immature adipocytes to mature adipocytes;
enhancement of lipolysis and site-specific free fatty acid
release from adipose tissue; and inhibition of lipoprotein
lipase and stimulation of hormone sensitive lipase (33).
Consequently, GH-deficient children tend to demonstrate
increased, predominantly abdominal, subcutaneous fat
that lessens and becomes more peripheral during therapy
with exogenous GH. Non-GH-deficient children also dis-
play reduction in overall body fat during GH therapy. The
mechanism by which GH reduces adipocyte size in vivo
remains unclear, but in vitro studies suggests that GH in-
creases the basal rate of lipolysis and depresses reesteri-
fication of free fatty acids (34).

The effects of GH on carbohydrate metabolism are
complex. Intravenous administration of GH causes an
acute fall in blood glucose, most likely reflecting en-
hanced transport of glucose into adipose and skeletal mus-
cle cells. GH is pivotal for the maintenance of normal
glucose homeostasis in infants, but this critical role is
markedly diminished in older children and adults. In a
child with GH deficiency, insulin secretion is diminished,
related in part to pancreatic islet cell hypoplasia. Glucose
tolerance tests may reveal impaired ability to dispose of
a carbohydrate load. However, fasting hypoglycemia can
also occur in such patients because of heightened sensi-
tivity to insulin. Administration of GH reduces sensitivity
to insulin, thereby correcting hypoglycemia, and increases
insulin secretion. Chronic administration of GH results in
compensatory hyperinsulinemia and is associated with the
development of insulin resistance. In summary, the com-

bined effects of GH on both the release of and response
to insulin create states of altered carbohydrate intolerance
in situations of either GH deficiency or excess.

IV. GROWTH HORMONE DEFICIENCY

The classic presentation of severe growth hormone defi-
ciency is characterized by marked growth retardation, di-
minished growth velocity, delayed skeletal maturation, ab-
sence of other explanations for growth retardation, and
subnormal secretion of GH, both physiological and in re-
sponse to provocative stimuli. Genetic (e.g., altered GH
or GHRH gene), anatomical or congenital (e.g., midline
cranial defects, septo-optic dysplasia, vascular malforma-
tions), and acquired abnormalities of the hypothalamus
and pituitary (e.g., craniopharyngioma, glioma, histiocy-
tosis) are identifiable in many affected children. Evalua-
tion of pituitary gland anatomy using magnetic resonance
imaging has revealed a spectrum of more subtle morpho-
logical abnormalities associated with the diagnosis of GH
deficiency (35). Irradiation or chemotherapy for malig-
nancies and traumatic brain injury also cause organic hy-
popituitarism, and accounts for an increasing incidence of
GH deficiency as survival of these patients improves. In
spite of this growing list of causes, most children with
GH deficiency still are designated as idiopathic, often due
to apparently defective hypothalamic regulation of GH re-
lease, rather than inability to synthesize GH. It is likely
that further improvement in imaging techniques will re-
veal additional organic lesions contributing to this dys-
function.

Idiopathic GH deficiency usually occurs sporadically
but may be familial (36). Its frequency has been reported
to be from 1:4000 children to 1:60,000 (37, 38). Although
the latter figure is similar to the treated population in the
United States before 1985, the true incidence of classic
GH deficiency is probably in the range of 1:10,000. These
estimates are complicated by the fact that, with the ex-
ceptions of GH gene deletion and severe pituitary or hy-
pothalamic dysfunction, GH deficiency is partial, rather
than complete. The incidence of GH deficiency is likely
to continue to rise due to improved prolonged survival of
children who have received radiation therapy for malig-
nancies.

Arbitrary laboratory criteria currently provide a tech-
nical distinction between GH deficiency and GH suffi-
ciency, even though it is generally accepted that there is
no meaningful physiological distinction between children
whose provoked GH levels fall slightly above or below
laboratory threshold values. Evidence is accumulating to
support the notion that GH deficiency is not a distinct
entity, but rather a spectrum of disorders of GH pulsatility.
A continuum of GH secretion may span essential absence
of GH, partial GH deficiency, and a spectrum of so-called
normal GH secretion. Some investigators have found sig-
nificant correlations between spontaneous GH secretion



Growth Hormone Treatment 91

Fi
gu

re
1

M
ul

ti
pl

e
si

te
s

of
gr

ow
th

ho
rm

on
e

ac
ti

on
.



92 Allen

and statural growth rates (39) while others have not (40).
The blurring of what was once thought to be a clear dis-
tinction between GH deficiency and sufficiency has com-
bined with the luxury of available, expensive GH to create
new opportunities, uncertainties, and controversies in GH
therapy.

Profoundly GH-deficient infants and young children
may present initially with hypoglycemia. This is more
commonly associated with adrenocorticotropin (ACTH)
deficiency and hypocortisolism, but hypoglycemia may
persist in spite of glucocorticoid replacement. Prompt ad-
ministration of GH is necessary to prevent the neurolog-
ical sequelae of persistent or recurrent hypoglycemia. Mi-
crophallus occurring in the newborn with GH deficiency
most often, but not invariably, is associated with gonad-
otropin deficiency. Since GH is largely responsible for
phallic growth after the first few months of life, (un-
treated) isolated GH deficient males may display poor
phallic growth during early childhood. This problem can
be effectively treated with GH and very small doses of
androgen. Growth velocity may be mildly or severely im-
paired, depending on the degree of GH deficiency and/or
presence of accompanying hormonal deficiencies. Bone
age is usually delayed in patients with GH deficiency, but
is often less delayed than height age (age for which the
child’s height is average). Bone age is less delayed in
isolated GH deficiency than with multiple pituitary hor-
mone deficiencies. So-called catch-up growth, a period of
supranormal growth velocity often observed particularly
during early GH treatment, is accompanied by skeletal
maturation proportion to growth achieved, leading to the
appearance of accelerated bone age advancement.

At least half the children with GH deficiency were
described in 1968 as having an isolated hormonal defect
(41). This proportion has steadily risen as more children
with partial or neurosecretory GH deficiency have been
recognized and diagnosed. A rise in GH secretion and in-
crease in growth velocity observed following pulsatile
GHRH administration in many of these patients indicates
that deficient hypothalamic regulation of pituitary GH se-
cretion is the cause of GH deficiency in many patients
with isolated GH deficiency (42). However, GH defi-
ciency is often accompanied by deficiencies of other an-
terior pituitary hormones: adrenocorticotrophic hormone
(ACTH), thyroid stimulating hormone (TSH), luteinizing
hormone (LH), follicle-stimulating hormone (FSH) and
posterior pituitary antidiuretic hormone (ADH, synthe-
sized in hypothalamic nuclei). Hypopituitarism, defined as
the deficient production or release of one or more hor-
mones from the pituitary, may be primary or secondary to
hypothalamic dysfunction. When deficiencies other than
GH occur, they are, in decreasing order of frequency, LH
and FSH, TSH, and ACTH (43).

Deficiency in ADH, manifested as diabetes insipidus,
usually occurs in acquired GH deficiency (e.g. cranio-
pharyngioma, surgical trauma) or congenitally as part of

the septo-optic dysplasia (SOD) syndrome. In contrast to
anterior pituitary hormones, ADH is synthesized in the
hypothalamus and transported to and stored for release in
the posterior pituitary, which is embryologically distinct
from the anterior pituitary. Consequently, with the excep-
tion of SOD, deficiency of ADH is rarely seen with idi-
opathic hypopituitarism. On the other hand, extensive sur-
gery for pituitary tumors will usually result in ADH
deficiency (if it was not present before) and variable but
usually progressive loss of other pituitary hormonal se-
cretion (44). A combination of less extensive surgery and
irradiation, or irradiation alone, has been recommended as
a more moderate approach to treatment of such patients.
However, the gradual development of impaired GH secre-
tion is also observed in many children who undergo cra-
nial irradiation for neoplasms of the central nervous sys-
tem (45). With radiation of the hypothalamic–pituitary
axis, GH is the first hormone to be affected and the degree
of hormonal deficit is related to the radiation dosage (46).
In one study, 5 years following 3.75–42.5 Gy radiation
therapy, all patients were GH deficient; gonadotropin,
ACTH, and TSH were deficient in 91%, 77%, and 42%
of patients, respectively (47).

Timing of the onset of puberty normally is related
most closely to a child’s reaching a state of maturation
(rather than chronological age) corresponding to a bone
age of 10–11 for girls, and 11.5–12.5 for boys. Late rec-
ognition and treatment of GH deficiency often result in
delayed bone age and pubertal development. In addition,
late diagnosis of GH deficiency may not allow sufficient
treatment time for height age to catch up to bone age prior
to puberty; these children may experience rapid pubertal
development without an adequate pubertal increment in
height, resulting in reduced adult stature. LH-releasing
hormone agonist therapy, which can slow or stop pubertal
advancement, or aromatase inhibitor therapy, which may
reduce estrogen-mediated epiphyseal plate closure, may
offer effective means of ‘‘reclaiming’’ the time required
for sufficient growth, but further controlled studies are
needed to evaluate the efficacy of these treatments. A pref-
erable option includes prompt recognition of GH defi-
ciency and optimization of GH dosage and schedule,
which facilitate both the achievement of normal prepu-
bertal height and entrance into puberty at a more appro-
priate chronological age.

A. Treatment

For over 30 years, the diagnosis of GH deficiency was
based on the analysis of serum GH levels following at
least two provocative stimuli. The limited amount of
available pituitary-extracted GH dictated that few short
children could be treated. Criteria were established by na-
tional committees of the National Pituitary Agency (which
later became the National Hormone and Pituitary Program
[NHPP]) to ensure that the most severely affected GH-
deficient children would receive GH treatment. Thus, only
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very short, very slowly growing children who had very
low GH levels on stimulation tests qualified for GH ther-
apy, and these children were treated only until a height
within �2 to �2.5 standard deviations (SD) of normal
adult height was reached. This meticulous rationing of
scarce GH to the most severely affected children maxi-
mized the overall benefit that could be derived from this
therapy.

Improved pituitary collection and extraction strategies
increased availability of GH during the 1970s and, as a
result, criteria for treatment were relaxed. Whereas stim-
ulated levels of GH less than 3–5 ng/dl were originally
considered to be sufficiently subnormal to indicate GH
deficiency, the threshold GH level required for this diag-
nosis gradually rose to 7 ng/dl, then 10 ng/dl, and, in some
clinics, to 12 ng/dl. Currently, children with levels in the
higher subnormal range and children with normal stimu-
lated GH levels but low spontaneous GH secretion are
now designated as having ‘‘partial’’ GH deficiency.

Interpretation of tests for GH is also complicated by
laboratory variation. Whereas the NHPP originally pro-
vided uniform material, standards, and methodology for
GH testing, later commercialization of GH assays meth-
ods created significant variation in laboratory values for
GH in a single blood sample. Today, expanding definitions
of so-called partial GH deficiency variations in GH assays,
and unlimited GH availability have transformed the his-
torically clearly defined and tightly regulated practice of
diagnosing and treating GH deficiency into a rapidly
evolving and controversial endeavor.

Growth failure caused by severe GH deficiency is a
universally accepted therapeutic indication for GH treat-
ment. Treatment of growth failure due to partial GH de-
ficiency, defined by subnormal stimulated GH levels, has
also become accepted practice. However, it is now widely
recognized that children with partial or subtle defects in
the secretion of GH are difficult to identify, and no indi-
vidual assessment of GH secretion or GH-associated bio-
chemical finding unerringly detects such subjects (48). A
single provocative test for GH (a necessary but not suf-
ficient criterion for these diagnoses) appears to lack both
specificity and sensitivity in identifying GH insufficiency.
In children of normal stature, stimulated GH levels may
be <7 ng/ml in as many as 20% (49). Specificity may be
increased by performance of a second provocative test.
On the other hand, a normal GH response to provocative
stimuli does not guarantee sufficient spontaneous GH to
maintain normal growth.

Attempts to define milder forms of GH through fre-
quent blood sampling and analysis of spontaneous GH
secretion pattern have led to the development of elaborate
mathematical techniques for their interpretation. Children
with subnormal GH secretion following cranial irradia-
tion, who may pass provocative GH testing, may be iden-
tified solely by this frequent sampling method. (Over time,
classic GH deficiency occurs in many of these patients

[50].) However, determination of spontaneous GH secre-
tion requires considerable time, expense, and technical
help, and is complicated by technical difficulties, dis-
turbed daily and nighttime routines of the patients, and
lack of reproducibility (51). Current methods have been
criticized for their inability to differentiate normal chil-
dren from short, GH-responsive children, and even from
classic GH-deficient children. In summary, measurement
and analysis of spontaneous GH secretion are sometimes
helpful in identifying GH-sufficient subjects, but adds lit-
tle in most instances to provocative tests in the identifi-
cation of the GH-deficient child. With either test, the no-
tion of a discrete cutoff level of GH secretion that reliably
differentiates GH deficiency from normal is historical, and
has limited relevance to current practice of pediatric en-
docrinology. The diagnosis of mild forms of GH insuffi-
ciency depends primarily upon clinical perception; labo-
ratory tests of GH secretion provide ancillary information
that help to confirm or disprove that clinical diagnosis.

Whom to treat for isolated idiopathic GHD and for
how long is further complicated by the fact that most chil-
dren who are treated with GH do not have permanent or
complete GHD, but have insufficient secretion of GH to
support normal childhood growth. When children with
isolated GHD are retested after GH replacement therapy
has been interrupted, 30–70% will have a normal GH
response. Children with a previous diagnosis of partial
GHD (i.e., peak stimulated GH levels of 5–10 �g/L or
low 24-h integrated GH secretion) are particularly likely
to have normal results on posttreatment testing (52).
Various studies of time of initiation, dosage, and frequen-
cies of GH administration have advanced progress toward
optimal treatment of GH deficiency during childhood.
Subcutaneous daily GH administration is currently pre-
ferred, with the average GHD child in the United States
receiving initial treatment with 0.3 mg/kg/week divided
into six or seven doses. GH preparations are essentially
equivalent, but vary in preparation and delivery. They in-
clude lyophilized GH that is mixed with a sterile diluent,
pre-mixed GH solutions in a multiple dose vial, GH pen/
needle delivery system, a nonneedle delivery system, and
a depot preparation given every 2–4 weeks. Intranasal
preparations are being developed (53). Since growth be-
fore puberty is a major determinant of final adult height,
early initiation of GH treatment allows more complete
normalization of height prior to puberty and an improved
final height prognosis (54). There can be a temptation to
defer injection therapy in young children in order to min-
imize discomfort and inconvenience, but the available ev-
idence strongly supports early recognition, referral, diag-
nosis, and treatment of severely GH-deficient patients as
an important step to optimizing their growth potential.

Increasing the dosage of GH improves growth rate; a
dose–response equation derived from treatment of chil-
dren of all ages with various degrees of GH deficiency
reveals a logarithmic relationship between GH dosage and
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growth rate for thrice weekly dosages ranging from 0.015
to 0.1 mg/kg (55). The variation around the mean of each
of these growth rate points is great, attesting to the poorly
understood contribution of factors other than GH levels to
the normal linear growth process. Other studies of daily
GH injections confirmed the relationship between growth
rate and so-called conventional doses of GH (56). A recent
study using 0.025, 0.05, and 0.1 mg/kg daily in prepu-
bertal severely GHD children showed significantly greater
growth velocities and gains in cumulative height SDS in
the 0.05 and 0.1 mg/kg/day groups compared with the
0.025 mg/kg/day group after 2 years of treatment. There
were no significant differences between the 0.05 and 0.1
mg/kg/day groups (57). The serum IGF1 response to GH
is also dose-dependent, continuing to rise as GH is ad-
ministered in doses above currently prescribed levels (58).
Results of epidemiological studies that suggest an asso-
ciation between high serum IGF1 levels and the incidence
of malignancy have prompted a recommendation that
IGF1 and IGFBP3 levels be monitored on a regular basis.
A younger age, greater delay in height age and bone age,
and greater severity of GH deficiency based upon pro-
vocative testing each correlate with improved initial re-
sponse to GH therapy. Using multiple regression analysis,
variables that have positive effects on adult height of GH-
treated patients include taller parents, more frequent GH
injections, longer duration of GH treatment, taller height
at start of GH treatment, and greater severity of GH de-
ficiency.

Increased frequency of GH administration improves
growth rate, suggesting the so-called pulsing message of
GH to its target cells, in addition to adequacy of GH lev-
els, enhances linear growth. When the same weekly dos-
age is given in daily injections, rather than three times per
week, an improvement in first-year growth rate of about
1.5 cm/year is observed (59). On the other hand, subcu-
taneous administration of depot preparations of GH at
every-other-week intervals, has also been shown to in-
crease growth rates effectively nearly to the same degree
(60). Nocturnal administration, which more closely mim-
ics physiological GH secretion, may also add to efficacy
(61), although this is not consistently observed. Regard-
less of the regimen chosen, the effect of GH wanes with
time, and the first year of treatment usually produces the
greatest growth increment. Following this early phase of
rapid growth, short-term increased replacement doses of
GH renews catch-up growth without adverse metabolic
effects (62). Seasonal variation in growth rate during GH
therapy, with peaks in the summer and nadirs in the winter
(North American population), has also been described
(63).

Children who have undergone removal of cranio-
pharyngioma frequently experience growth acceleration in
the absence of measurable GH. This phenomenon may be
attributable to postoperative nutritional excess and hyper-
insulinemia (64), although other mechanisms (e.g., GH

variants, IGFs) are also postulated (65). Polyphagia and
significant weight gain are usually also observed. Al-
though supplementation with GH is not required to sustain
linear growth, body composition analysis reveals in-
creased fat mass and decreased lean mass typical for the
GHD state. Avoidance of excessive cortisol replacement
therapy is extremely important in these individuals. This
growth pattern may persist, allowing attainment of normal
adult stature without GH therapy, but GH may neverthe-
less be indicated to improve body composition and other
metabolic consequences of GHD.

The distinct augmentation of GH pulsations and in-
creased production rates that occur during normal puberty
raise the question of whether GH replacement dosages
also should be increased during puberty. Insufficient dos-
age and frequency of GH administration has been shown
to permit epiphyseal closure in GH-deficient adolescents
prior to adequate catch-up growth, thereby reducing ex-
pected adult height (66). In one study, doubling the dosage
of GH during puberty did not significantly change growth
rate, but did tend to advance pubertal maturation (67). On
the other hand, a larger and more recent randomized trial
showed that an increase in dosage to 0.7 mg/kg/week (in
contrast to conventional dosage recommendations of
0.18–0.35 mg/kg/week) improved growth rates, near-
adult height, and height SDS in GHD adolescents without
evident adverse effects (68). Since the cost of such treat-
ment must be balanced with the possible added benefit
achieved, the most effective frequency and dosage of GH
therapy during puberty is yet to be determined.

Children treated with GH may experience transient or
persistent declines in serum thyroxine (T4) levels; in ap-
proximately 25%, T4 levels become abnormally low and
may impair response to GH. Thyroid function tests should
be monitored periodically (especially early) during GH
therapy to ensure detection of secondary T4 deficiency
and prevent this treatable cause of a poor response to GH.
Cortisol supplementation may also impair the growth re-
sponse to GH; as little as 7.5–10 mg/day of hydrocorti-
sone may be growth-suppressive in a school-aged child.
Thus, when ACTH deficiency has been documented, the
dosage of daily cortisol replacement therapy should be
reduced to a level sufficient to prevent symptoms of fa-
tigue and lack of energy. In prepubertal children, these
replacement levels are quite low, and some children with
idiopathic hypopituitarism, even with evidence for ACTH
deficiency, will not need cortisone replacement in the ab-
sence of illness or stress.

Testosterone or other anabolic agents will enhance the
growth velocity of a prepubertal GH-deficient child taking
GH, but (except for boys with microphallus) should not
be given if the bone age is less than 9 years, and then in
very low dosages initially. Treatment for the purpose of
virilization in a boy who is gonadotropin-deficient should
be initiated after bone age approximates 11–12 years with
low-dosage (e.g., 50 mg) testosterone enanthate intra-



Growth Hormone Treatment 95

Figure 2 Progress in efficacy of childhood GH treatment. (Adapted from Ref. 69.)

muscularly per month to prevent accelerated epiphyseal
maturation. Dosages can be gradually increased to adult
replacement levels (e.g., 200–300 mg testosterone en-
anthate every 3–4 weeks) over the next several years. It
has recently become clear that estrogens have a potent
effect on bone age acceleration in patients with Turner
syndrome, and may have an accelerating effect on the
growth resulting from GH therapy. The androgen oxan-
drolone, which cannot be aromatized to estrogen, in low
dosages has also been useful in accelerating growth rate
in both boys and girls. Future management of short stature
during puberty may include other measures (e.g., aroma-
tase inhibitors) designed to reduce epiphyseal-maturing
estrogen effects while preserving growth-accelerating ef-
fects of GH and androgens.

B. Effects of Treatment

With early diagnosis, careful attention to accompa-
nying hormonal deficiencies, and progressive dosage ad-
justments, children with GH deficiency reach normal adult
height (Fig. 2) (69). Bone age will advance with GH treat-
ment, but usually not more than height age. Linear growth
often accelerates faster than bone age following initiation
of GH therapy, leading to increases in predicted final
height. Even with successful long-term GH therapy, how-
ever, correction of disabling short stature does not consis-
tently normalize the psychosocial outcome for adults with
GH deficiency (70). Psychosocial counseling, which in-
creases both therapeutic compliance during childhood and
social outcome during adulthood (71), should be a con-
sistent adjunct to parenteral GH administration.

The consequences of severe GH deficiency (GHD) in
adult life and the beneficial effect of replacement therapy
are increasingly well established. Accurate selection of ap-
propriate candidates for adult GH treatment, and the tran-
sition of their care from pediatrics to adult medicine, re-
quire careful consideration of several issues. Since the

majority of children who are diagnosed as GHD and
treated with GH do not have permanent GHD, anticipa-
tory counseling regarding possible lifelong treatment
should be focused on children with panhypopituitarism
and those with severe isolated GHD associated with cen-
tral nervous system abnormalities. Appropriate timing for
termination of so-called growth-promoting GH therapy
should be guided by efforts to balance the high cost of
late-adolescent treatment with the attainment of reasona-
ble statural goals. Confirmation of GHD following prov-
ocation with appropriate stimuli (i.e., not clonidine) is ap-
propriate for all candidates for adult GH therapy. Testing
of the GH axis can be performed within weeks of GH
cessation, but confirmation of an emerging adult GHD
state with body composition, blood lipid, and quality of
life assessments may require 1 or more years of pretreat-
ment observation. Although it remains unclear whether
such a period of observation is needed or even advisable
for late adolescents with unequivocal panhypopituitarism,
it is likely that a transition from growth-promoting to
adult replacement dosages of GH therapy without inter-
ruption will be recommended. Selection of patients for
lifelong adult GH replacement therapy will present diag-
nostic, therapeutic, and ethical dilemmas similar to those
arising from treatment of childhood GHD. The experience
and expertise of pediatric endocrinologists in diagnosing
and treating GHD should be offered and utilized in the
identification and transitioning of appropriate patients to
adult GH therapy (72).

V. IDIOPATHIC SHORT STATURE AND
CONSTITUTIONAL GROWTH DELAY

For every short child who has impaired GH secretion,
many more are short for other reasons. Parental concerns
about the disadvantages of their child’s short stature are
legitimized by a ‘‘heightist’’ premise in modern America:
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to be tall is good and to be short is to be stigmatized (73).
The preponderance of white males in the GH-treated pop-
ulation suggests that these social pressures give rise to
ascertainment of short-statured patients biased by gender,
race, and socioeconomic status (74). Stigmatization based
upon height begins in childhood. Feelings of incompe-
tence and low self-esteem may arise from the short child’s
struggle with stature, although these problems may de-
pend as much on the projection of parental perceptions of
their child’s vulnerability and immaturity as on short stat-
ure per se (75). Future studies investigating improvement
in quality of life, as well as improved stature growth, of
non-GH-deficient children treated with GH will be of par-
amount importance.

Since the previous edition of this text, the medical
literature has been replete with reports of non-GH-defi-
cient children treated with GH, and numerous studies con-
tinue to investigate new indications for GH (Table 1).
Many extraordinarily short children have overlapping di-
agnostic conditions (e.g., familial short stature and con-
stitutional growth delay), which complicate interpreting
the response of a specific condition to GH therapy. Spe-
cific disorders that have undergone investigational trials
to date, some of which are currently approved indications
for GH therapy, are discussed in the following sections.

The prospect that GH therapy may accelerate growth
and increase adult height of markedly short but otherwise
healthy children has generated great interest and debate.
Serum GH concentrations are usually normal in these chil-
dren; however, children with severe constitutional growth
delay (CGD) may demonstrate temporary failure to se-
crete GH in response to stimuli, which normalizes with
pubertal progression or induction (76). The finding that
30–70% of adults diagnosed as GH deficient during child-
hood have normal GH levels later suggests that this phe-
nomenon is more common than generally recognized.
Thus, repeat provocative testing for GH following short-
term sex hormone treatment is advisable before consid-
ering a commitment to GH therapy for most near-pubertal
patients who fit clinical criteria for CGD.

Administration of GH at dosages used to treat GH
deficiency increases growth velocity in the majority of
these children throughout at least 3 years of treatment. A
controlled study reported that mean growth velocity in-
creased during the first year from 5.3 to 7.4 cm/year and
height SD score increased by 0.63 in GH-treated children
compared with no change in velocity or SD score for un-
treated children (77). Growth rates declined during each
successive year of therapy and, in one study, approxi-
mated pretreatment growth velocity by the fourth year
(78). In a more recent study, however, daily GH therapy
during years 2 and 3 sustained growth rates of 7.6 and
7.2 cm/year respectively, compared with baseline growth
rate of 4.6 cm/year (79). Short, non-GH-deficient children
who demonstrate sustained acceleration of growth rate
when given GH therapy tend to attain prepubertal heights

that are closer to, but do not exceed, their genetic height
potential (80).

Information regarding the efficacy of GH in improv-
ing the final height of children with idiopathic short stat-
ure (ISS) or CGD is now accumulating. Since height at
onset of puberty is a more important determinant of adult
height than pubertal growth (because prepubertal growth
normally contributes 85% of final height), the most effec-
tive GH therapy will require substantial growth accelera-
tion prior to puberty. Increases in standardized Bayley–
Pinneau predictions of adult height have been consistently
reported during prepubertal GH therapy, but these gains
do not improve substantially during treatment of pubertal
subjects. Puberty generally appears to occur at expected
time in GH-treated children with ISS or CGD, but an ac-
celerated tempo of puberty has been noted in boys (81)
and an earlier age of onset in girls (82). This possible
decrement in height acquired during puberty probably ac-
counts for reports of actual final heights of GH-treated
children that fall short of earlier more optimistic height
predictions (83). Alternative strategies include administra-
tion of a higher dosage of GH for 2 years prior to puberty
to achieve normalization of adolescent height, precluding
the need for GH therapy during puberty (84). Long-term
GH therapy in non-GHD adolescents may increase insulin
resistance, but not impaired glucose tolerance or hyperli-
pidemia (85).

How effective is GH therapy at increasing adult
height of non-GHD individuals? Of several studies pub-
lished in the mid-1990s, only two reported final heights
greater than pretreatment predicted heights and only one
reported an improved proportion of subjects with final
height greater than the midparental target height (86). On
the other hand, a more recent study of 80 non-GHD chil-
dren treated with GH (highly variable duration of treat-
ment) showed a mean increase in SD score for height
from �2.7 to �1.4. The mean (�SD) difference between
predicted adult height (using Bayley–Pinneau method)
before treatment and achieved adult height among boys
was 5.0 � 5.1 cm and 5.9 � 5.2 cm for girls; still, only
a few subjects achieved their midparental target height
(87). Thus, it appears that long-term GH treatment of non-
GHD short children at currently recommended dosages
can lead to statistically significant increases in final height
in some children. Unfortunately, in this and other studies,
no clinical (e.g., pretreatment growth rate) or biochemical
(e.g., overnight endogenous GH secretion) determinants
reliably predicted the individual response to GH therapy.
Consequently, whether improvements in final height due
to GH therapy alone are sufficiently likely or clinically
significant to justify cost and commitment to several years
of therapy is still debatable.

Novel approaches to the treatment of idiopathic short
stature include concomitant suppression of pubertal hor-
mones using GnRH agonist therapy and reduction of es-
trogen production using aromatase inhibitors. A recent
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Figure 3 Effect of GH therapy alone and with oxandrolone on last available height in girls with Turner syndrome. (From
Ref. 99.)

study reported that combined gonadotropin releasing hor-
mone agonist/growth hormone (GnRH/GH) therapy for 3
years resulted in gains in predicted height of 8–10 cm
without demonstrable side effects (88). Final height data
on these patients are not yet available, and current expense
of such treatment is formidable. Anecdotal evidence re-
garding effectiveness of aromatase inhibitor therapy exists
(89), but long-term studies in pubertal boys are just be-
ginning.

VI. TURNER SYNDROME AND NOONAN
SYNDROME

Between 95 and 100% of girls with Turner syndrome
(TS) experience growth failure, and the untreated mean
final height of these patients is 143 cm (90), approxi-
mately 20 cm below the female average of the corre-
sponding ethnic group. Growth curves for TS have been
developed by European investigators, and results in North
American patients closely match these data (91). Individ-
ual’s height percentiles on this TS curve do not change
from childhood to adulthood if patients remain untreated.
During childhood, average growth velocity is 4.44 cm for
each year of bone age advancement. The lower final
height results from the combined effects of mild intra-
uterine growth retardation, a lack of a pubertal growth
spurt (due to ovarian failure to produce estrogens), and
growth failure during childhood due to abnormalities in
growth plate cartilage (92) and a possible resistance to the

action of GH. Studies clearly show that TS patients do
not have classic GH deficiency, although endogenous GH
levels (93, 94) and urinary GH levels (95) are below nor-
mal after the age of 8 years.

With the exception of GH-deficient children, girls
with TS have received the longest trials of GH therapy
(up to 10 years). Numerous studies have demonstrated
that GH, with or without anabolic steroids, can accelerate
growth in girls with TS (96–98). During subsequent years
of treatment, growth rates declined but remained higher
than those of untreated girls. In one cohort, 14 of 17 girls
receiving GH alone equaled or exceeded their original
projected adult heights, while 41 of 45 girls receiving
combined oxandrolone–GH therapy did so. The mean
height of girls who completed a mean of 7.6 years of GH
therapy (n = 17) was 150.4 cm, a gain of 8.4 cm over the
expected average height, while those treated with GH plus
oxandrolone (n = 43) achieved a mean final height of
152.1 cm, representing an average gain of 10.3 cm over
predicted height without treatment (Fig. 3) (99). These
results suggest that an adult height above the lower limit
of normal for American women (150 cm) is now an at-
tainable goal for many girls with this syndrome. Some-
what more modest effects on total height gain (e.g., mean
0.7 SD increase) are also reported, particularly when es-
trogen treatment was initiated prior to 14 years of age
(100). These data have led to regulatory approval for the
use of GH to treat the short stature of TS in many coun-
tries worldwide (including the United States). Critical fac-
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tors for a successful outcome appear to be GH dosage and
the number of years of GH treatment before estrogeni-
zation (101).

As a result, initiation of GH therapy is currently rec-
ommended as soon as a patient with TS has dropped be-
low the 5th percentile of the normal female growth curve.
This may be as early as 2 years of age. For girls below
9–12 years of age, the recommended starting dosage is
0.05 mg/kg/day, although individualization of dosing is
appropriate based upon response. In older girls or in girls
>8 years of age in whom therapy is started when short
stature is extreme, concomitant administration of a steroid
that cannot be aromatized to estrogen, such as oxandro-
lone (0.05 mg/kg/day), should be considered. Girls given
oxandrolone should be monitored for potential side effects
including clitoral enlargement and glucose intolerance.
GH � oxandrolone therapy is continued until a satisfac-
tory height is achieved or until bone age is >14 and annual
growth rate is <2 cm. Estrogen is not recommended as a
growth-promoting agent, and the initiation of estrogen
therapy should be timed to minimize negative effects on
growth and adult height (102).

Adverse effects of GH therapy in TS patients have
been minimal. Although osteopenia is more prevalent in
patients with TS, bone mineral status is not impaired (and
may be improved) in GH-treated adolescents with TS
(103). Autoantibodies to endocrine organs also occur in
TS with increased frequency; GH therapy does not alter
immune function in TS (104). Glucose tolerance is of par-
ticular interest given the increased incidence of diabetes
mellitus in adults with TS and the diabetogenic action of
GH. Frequency of impaired glucose tolerance is increased
over normal in children with TS. Investigations to date
have revealed no significant change in glucose tolerance
tests or levels of glycosylated hemoglobin during GH
therapy (105). However, obese patients or patients with
high insulin concentrations before start of GH therapy
may be at greater risk for deterioration (106). Elevations
in plasma insulin concentrations are more frequent when
GH therapy is combined with oxandrolone, which may
also impair glucose tolerance by induction of insulin re-
sistance.

Noonan syndrome (NS) is an autosomal dominant
disorder that shares clinical features with TS, including
growth retardation usually in the absence of GH defi-
ciency. A recent 3 year controlled trial showed a mean
increase in growth rate from a baseline of 4.4 cm/year to
8.4, 6.2, and 5.8 cm/year during years 1, 2, and 3 of GH
therapy respectively. Mean height SD score increased
from �2.7 to �1.9 in GH-treated NS patients compared
with a change from �2.7 to �2.4 in nontreated NS chil-
dren. However, height acceleration was not significant
during the second or third years when pubertal subjects
were excluded (107). Others report that initial GH-in-
duced growth acceleration is followed by a waning of
effect with long-term therapy; in a small group of 10 pa-

tients, a mean increment in final height of only 3.1 cm
was observed (108). In both studies, no deleterious effects
on myocardial thickness were observed

VII. INTRAUTERINE GROWTH
RETARDATION

For approximately 10% of children with intrauterine
growth retardation (IUGR), the pattern of growth contin-
ues to be abnormal from intrauterine life to full maturity
(109). Included in this group are children with dysmorphic
features compatible with Russell-Silver syndrome. Even
though bone age is often delayed early in childhood, the
adolescent growth spurt usually occurs early and is re-
duced in magnitude (110). Although a minority of chil-
dren with IUGR display subnormal spontaneous or pro-
voked GH concentrations, results of these tests do not
predict their responsiveness to GH.

In a study reported more than 30 years ago, approx-
imately 50% of prepubertal children with IUGR re-
sponded to twice- or three times weekly GH injections
with significant growth acceleration (111). Studies of daily
administration of GH reveal consistent increases in short-
term growth velocity (e.g., from 6.7 to 10.4 cm/year)
(112); greater increments in growth velocity have been
achieved with higher GH dosages (113). Prolonged (3
years) GH treatment of children with IUGR sustains an
accelerated growth rate but does not increase height for
bone age score, pointing to an unaltered final height out-
come (114). Nevertheless a recent report of 5 years of
treatment (115) and a separate epianalysis of four random-
ized studies of 6 years duration (116) both indicate that
administration of GH (0.033–0.067 �g/kg/day with both
continuous and discontinuous regimens employed) can
normalize stature of short, non-GHD IUGR children, at
least during childhood and early puberty (Fig. 4).

Growth failure in IUGR children has recently been
approved by the FDA as an indication for GH therapy.
Furthermore, the successful and novel use of intermittent
high-dosage GH therapy in this group of patients is an
important observation that could potentially be applied to
other GH treatment indications. Whether IUGR children
derive substantial psychological benefits from a more
rapid tempo of growth during childhood (even without
enhanced final stature) remains uncertain. It is noted that
difficulty of accurately assessing bone age maturation in
dysmorphic syndromes such as Russell-Silver syndrome
may reduce validity of predicted heights. Higher-dose GH
therapy has also led to hyperinsulinemia in some of these
children. Therefore, continuation of these clinical trials
until final height will be required to determine the safety
and efficacy of GH for IUGR. Given the accelerated
tempo of puberty in these patients, concomitant adminis-
tration of GnRH analog or aromatase inhibitors to permit
a longer period of growth may be indicated for severely
height-disabled individuals with IUGR.
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Figure 4 Effect of varying dosages of long-term GH therapy on heights in children with intrauterine growth retardation. (From
Ref. 115.)

VIII. CHRONIC RENAL FAILURE AND
HYPOPHOSPHATEMIC RICKETS

Poor nutrition, anemia, and chronic metabolic acidosis
contribute to the growth failure characteristic of chronic
renal failure (CRF). In addition, elevated fasting GH
levels, exaggerated responses to provocative stimuli,
depressed serum IGF-1 levels, and increased levels of
IGF-1 binding protein (in particular IGFBP-1) suggest re-
sistance to the action of GH (117). Pharmacological dos-
ages of GH are able to overcome these growth-retarding
influences in some patients with CRF through metabolic
effects of GH (e.g., enhanced renal acid excretion [118]),
increases in IGFs and ternary complexes that overcome
inhibitory effects of excess IGFBPs (119), and direct
growth-promoting effects. A randomized, double-blind,
placebo-controlled study of 125 prepubertal growth-re-
tarded children with CRF revealed first-year (10.7 � 3.1
cm/yr) and second-year (7.8 � 2.1 cm/yr) growth rates in
the GH-treated group that were significantly greater than
those seen in the placebo group. The beneficial effect on
final height potential predicted by this study (Fig. 5) (120)
was recently confirmed in one study of 38 GH-treated
children with CRF who reached a final height 1.4 SD
above standardized height at baseline compared with
mean final height of 50 nontreated matched control chil-
dren with CRF that was 0.6 SD below standardized height
at baseline (121). In general, responsiveness to GH ap-
pears to be inversely related to the degree of renal func-
tion impairment and metabolic compromise. Growth fail-
ure due to CRF is an approved indication for GH therapy.

Growth hormone excess produces hyperfiltration and
increases glomerular sclerosis in the setting of uremia,
(122), raising a theoretical concern that GH treatment of
children with CRF could accelerate deterioration in renal
function. However, current information suggests no ad-
verse effect of GH therapy on glomerular filtration rate
(GFR); loss of GFR is unchanged during the first year of

GH treatment compared to the year before treatment
(123). Reports of accelerated rises in serum creatinine
may reflect increased body size and creatinine production
without a commensurate increase in GFR (124). Thus,
growth itself, rather than GH, may place additional met-
abolic demands upon compromised, but stable, renal func-
tion. Hyperinsulinemia, often present before GH therapy
due to uremic insulin resistance, may remain stable or
worsen during GH therapy. However, glucose homeosta-
sis, assessed by oral glucose tolerance testing and glyco-
sylated hemoglobin levels, has remained stable (125).
Transient intracranial hypertension may occur during GH
treatment of children with CRF, but is relatively rare and
is reversible with temporary cessation of drug or reduction
in dosage.

In normal kidneys, GH increases renal phosphate re-
tention. Consequently, GH has been administered to
poorly growing children with X-linked hypophosphatemic
rickets (XHR). In a recent study reporting final height
outcome, GH therapy combined with conventional treat-
ment resulted in a change in height SD score in six chil-
dren with XHR (mean baseline �3.4, mean post-treat-
ment, �2.4) whereas no change in height SD score was
observed in six XHR patients not treated with GH. Phos-
phate retention, bone markers, and radial bone mineral
density increased only in the GH-treated group (126). Ad-
ditional long-term studies are needed to verify the value
of long-term GH therapy for patients with this disorder.

IX. SKELETAL DYSPLASIAS

Numerous forms of skeletal dysplasia may cause signifi-
cant growth retardation. Detailed descriptions of clinical
and radiological features and inheritance patterns belie a
lack of understanding of the basic pathophysiology for
many of these disorders, although associated genetic mu-
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Figure 5 Beneficial effects of GH therapy on long-term growth in children with chronic renal insufficiency. (From Ref. 120.)

tations (e.g., fibroblast growth factor receptor-3 in achon-
droplasia) are steadily being recognized.

A short-term study of GH therapy in children with
hypochondroplasia showed an increase in first year
growth rate that was proportionally distributed between
limb and spine growth (127). Variation in response to GH
with regard to rate and proportionality of growth has also
been reported, and may be related to defects in the IGF-
1 gene in some patients (128). Growth response to GH is
generally less than that observed in children treated for
classic GH deficiency and declines after initial accelera-
tion. Thus, modest improvement in adult height might be
expected from currently used regimens of GH therapy.
Higher GH dosage, concomitant GnRH analog treatment,
and use of aromatase inhibitors could conceivably alter
this prognosis. Patients with achondroplasia demonstrate
normal secretion of GH, IGF-1 levels, and IGF-1 receptor
activity (129). Reports of response to GH are variable.
Some data indicate little change in growth rate, even when
higher than conventional dosages are used (130). More
recent studies suggest that GH therapy can increase
growth rate and height z-score in a dose-dependent man-
ner without significant side effects (131). Effects on ulti-
mate height remain unknown. Preliminary trials of GH
therapy for spondyloepiphyseal dysplasia and multiple
epiphyseal dysplasia are in progress.

X. GLUCOCORTICOID-TREATED
CHILDREN

Treatment of many chronic disorders (e.g., juvenile rheu-
matoid arthritis, asthma, renal transplantation, inflamma-
tory bowel disease), which themselves may lead to growth
failure, includes glucocorticoid therapy. Glucocorticoids
(GC) impede linear growth through several mechanisms,

including promoting protein catabolism, inhibiting colla-
gen synthesis, impairing the action of IGF-1, and sup-
pressing endogenous GH secretion through augmentation
of hypothalamic somatostatin tone (132). Thus, these pa-
tients could be considered logical candidates to benefit
from both the growth-promoting and anabolic effects of
GH therapy.

Early studies, implementing relatively low dosage
and infrequent administration of GH, demonstrated mar-
ginal and inconsistent beneficial effects (133). Subsequent
investigations of daily GH therapy for children with stable
GC-treated illness (134) or who had undergone renal
transplantation (135) show more consistent resumption of
normal growth velocity during 1–3 years of treatment.
Biochemical markers of growth (e.g., type 1 procollagen
levels) are also normalized by GH administration. Re-
sponsiveness to GH appears greatest in those on moder-
ate-dosage GC regimens with stable, nonarthritic under-
lying disease. Persistence of disease activity and higher
GC dosage (e.g., prednisone dosage >0.35 mg/kg/day)
(136) interfere with GH responsiveness.

Recent analysis of larger numbers of GC-dependent
children (n = 83) evaluated over a 12 month period reveal
a mean response to GH therapy (mean dosage = 0.3 mg/
kg/week) of doubling of baseline growth rate (e.g., 3.0 �
1.2 cm/year to 6.3 � 2.6 cm/yr) (Fig. 6) (137). Respon-
siveness to GH is negatively correlated with the dosage
of GC. In 14 severely growth-impaired children with
rheumatoid arthritis (mean height SDS = �4.0), GH ad-
ministered at a dosage of 0.5 mg/kg/week resulted in an
increase in mean growth velocity from 1.9 to 4.5 cm/year
(138). While difficult to prove, preservation of height SDS
most likely represents a beneficial therapeutic outcome for
these children. Long-term GH-responsiveness and effects
of GH therapy on final height in GC-treated children nev-
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Figure 6 Effect of GH therapy on growth in children treated with glucocorticoids. (From Ref. 137.)

ertheless remain unknown, and GH treatment of GC-de-
pendent children remains experimental.

Salutary effects of GH therapy (0.05 mg/kg/day ad-
ministered daily) on the growth of children following re-
nal transplantation are also reported. Growth rates of pre-
pubertal children after renal transplantation have generally
increased two- to threefold during the first 1–2 years of
GH therapy, decline subsequently but remain above base-
line growth velocity (139). Gains in height SD scores ap-
proximate 1 SD following 2–4 years of therapy, and ap-
proximately one-half of the children achieve ‘‘normal’’
heights (i.e., within 2 SD of the mean). Growth stimula-
tion in pubertal children with renal allografts, while less
consistent than that observed in younger patients, is still
significant (140).

In addition to restoring linear growth, GH therapy
may counter some of the catabolic effects of GC. Studies
using isotope tracer infusions suggest that GH, directly or
through IGF-1, counteracts GC-induced protein catabo-
lism through independent stimulation of protein synthesis
without altering protein breakdown (141). Alternatively,
accompanying hyperinsulinemia might contribute substan-
tially to the observed protein anabolic effect by decreasing
proteolysis. GH may also counteract the antianabolic ef-
fects of GC on bone. In a group of adults receiving
chronic GC treatment, in whom GHRH-stimulated GH
levels were suppressed, levels of osteocalcin and carboxy-
terminal propeptide of type I procollagen rose with short-
term GH therapy (142). Detailed studies of the metabolic
effects of GH administration in children receiving long-
term GC therapy have not yet been done.

Potential adverse effects of combined GH/GC therapy
in children with GC-dependent disorders include altered

carbohydrate metabolism, stimulation of autoimmune dis-
ease activity, increased cancer risk, and, in transplant re-
cipients, graft dysfunction or rejection. Elevated fasting
and stimulated insulin levels have been observed in renal
allograft patients receiving GH; however, these changes
frequently predate institution of GH therapy, correlate
with prednisone dosage, and are not affected by the ad-
dition of GH. Among all GH-treated GC-dependent chil-
dren, detectable elevations in blood glucose concentra-
tions have been rare. GH-induced exacerbations of
chronic disease activity also appear to be very unusual,
but the number of patient-years available for study of this
question remains small. With regard to renal allograft
function and survival, actions of GH on glomerular he-
modynamics, glomerular morphology, and immune stim-
ulation are theoretical reasons for concern. Nevertheless,
most investigators report no difference between GH-
treated and control renal allograft patients with regard to
changes in GFR, effective plasma flow, other measures of
renal function, and rates of allograft rejection. Although
preliminary analysis of one randomized prospective study
suggested that GH might slightly increase allograft rejec-
tion rates, final analysis indicated that biopsy-proven acute
rejection episodes were not significantly more frequent in
the group receiving GH (143). Long-term and careful fol-
low-up of children with renal transplants receiving GH
therapy is still needed to resolve this important issue.

XI. PRADER-WILLI SYNDROME

Growth of children with Prader-Willi syndrome (PWS) is
characterized by moderate intrauterine and postnatal
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Figure 7 Growth rates of children with Prader-Willi syn-
drome treated with GH compared to untreated control sub-
jects with PWS. (from Ref. 144.)

growth retardation, followed by near-normal growth rates
as caloric intake increases and obesity typically develops.
Substantial evidence now supports a true GH deficient
state in PWS: lack of nutrition-induced growth accelera-
tion, relatively low IGF1 levels, diminished GH responses
to GH provocation, and body composition abnormalities
(i.e., reduced muscle mass, increased fat mass) resembling
states of GH deficiency. Administration of GH to children
with PWS results in growth rate increases equivalent to
those observed in severely GH-deficient children (Fig. 7).
In addition, GH therapy increases lean body mass, de-
creases fat mass, and increases bone mineral density (144,
145). Reductions in fat mass result from increases in total
body energy expenditure and preference for fat oxidation
as an energy source (confirmed reductions in respiratory
quotient). In addition to cognitive and behavioral disabil-
ities, profound hypotonia severely limits the physical
function of individuals with PWS. Treatment with growth
hormone improves measures of strength and agility in
children with PWS, substantiating claims of so-called
real-life benefits of GH for these children. These changes
in body composition and physical function are dose-de-
pendent and attenuate, but do not regress, during pro-
longed GH therapy (146). Growth failure related to PWS
is a recent approved indication for GH treatment.

XII. OTHER SYNDROMES AND DEFECTS
ASSOCIATED WITH SHORT STATURE

Short stature is a component of more than 100 syndromes.
Subnormal secretion of GH has been reported in some
children with Down syndrome (147). Preliminary treat-
ment trials of these children show short-term responses to
GH similar to those of Russell-Silver syndrome and
Turner syndrome. Short stature is also a common prob-
lem in children with neural tube defects such as spina
bifida or myelomeningocele, who may have spinal and/or
lower skeletal abnormalities. Secretion of GH is normal
unless accompanying hydrocephalus impairs hypotha-
lamic–pituitary function. In a small group of patients with
neural tube defects and subnormal GH secretion, GH
treatment over 36 months significantly improved growth
rates of body length and arm span. However, the increase
in length SD score was not significant (148).

The expansion of GH therapy into populations af-
fected by mental disability or with limited ambulatory ca-
pability raises complex ethical questions by focusing at-
tention on the expectation that successful GH therapy
ought to improve the quality of life, rather than merely
the height, of treated individuals (149). For each of these
groups of patients, analysis of larger, longer prospective
trials, conducted within a GH investigational protocol, are
needed before recommendations about efficacy can be
made. When this information is available, treatment de-
cisions can be made for individual patients (rather than

diagnostic groups) based upon degree of disability and
likelihood of long-term enhancement in quality of life.

XIII. ADULTS WITH GH DEFICIENCY AND
THE ELDERLY

The availability of unlimited supplies of human GH has
been accompanied by a wealth of new information re-
garding the consequences of GH deficiency in adults and
the benefits of replacement treatment. Lack of GH in
adulthood can lead to contraction of lean body mass and
water, expansion of fat mass (particularly central abdom-
inal fat), diminution of bone mineral content, increased
concentrations of total and low-density lipoprotein (LDL)
cholesterol, increased atherothrombotic propensity, im-
paired cardiac function, impaired psychological well-be-
ing, and decreased life expectancy (150). Placebo-con-
trolled studies of GH therapy in adults with complete GH
deficiency have revealed a marked increase in muscle
mass, decrease in fat mass (151, 152), and improvements
in exercise performance (153). Subjective improvements
in quality of life indicators such as vigor, ambition, and
sense of well-being are also reported (154). Consequently,
adult GHD is now an FDA-approved indication for GH
therapy.

Adverse effects due to fluid retention (e.g., edema,
carpal tunnel syndrome) are fairly common, but reverse
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with dosage reduction or continuation of the same dosage.
Dosages used are markedly lower than those used per kil-
ogram during childhood: the Growth Hormone Research
Society recommends that dosage not be weight-based. Pa-
tients are to be commenced on a low-dosage (0.15–0.3
mg/day) regimen, which is then gradually increased in
accordance with clinical and biochemical responses.
Maintenance dosages varies considerably, and is influ-
enced by gender and age, but rarely exceed 1 mg/day.
Women usually require higher dosages than men, while
the elderly require lower dosages (155).

The normal decline in the activity of the GH-IGF-1
axis that occurs with advancing age appears to contribute
to the decrease in lean body mass, increase in adipose
tissue mass, and possibe loss of energy. Administration of
GH to non-GH-deficient men over 60 years old caused
significant increases in lean body mass, bone density, and
skin thickness, with concomitant reductions in fat mass
(156). Following GH therapy, deterioration of these pa-
rameters resume in age-appropriate fashion. Although the
implications of such therapy are enticing, the risk–benefit
ratio and cost-effectiveness of GH therapy in the general
aging but healthy population have not been established.
Administration of GH has also been used by younger
adults in conjunction with heavy resistance exercise train-
ing in an effort to maximize skeletal muscle protein anab-
olism and strength. However, in a placebo-controlled
study of young normal men, resistance training supple-
mented with GH did not further enhance muscle anabo-
lism and function (157). These results suggest that in-
creased fat-free mass seen with GH supplementation was
probably due to an increase in lean tissue other than skel-
etal muscle.

XIV. CATABOLIC STATES

Well-documented salutary effects of GH on nitrogen re-
tention and protein synthesis rates have prompted inves-
tigation of GH therapy in various catabolic, regenerative,
or reparative states. Nitrogen balance is improved by GH
in postoperative patients under hypocaloric conditions
(158) and GH partially reverses nitrogen wasting in obese
humans made catabolic by dietary restriction (159).
Growth hormone also improves the efficiency of paren-
teral nutrient utilization in patients requiring total paren-
teral nutrition. Improvements in weight and lean tissue
mass have also been documented in pediatric burn patients
(160). However, results of controlled trials of GH treat-
ment in acute-care settings have not all been favorable.
One placebo-controlled trial in normal adults showed that
full-thickness wound healing was significantly delayed by
GH therapy (161). A large randomized controlled trial of
high-dosage GH treatment of adult patients during a se-
vere catabolic illness in the intensive care setting showed
higher mortality in GH-treated patients (162). Although
perhaps influenced substantially by the high dosages of

GH administered, these data have nevertheless created
substantial concern about use of GH in the critical care
setting. Most physicians currently discontinue GH in
acutely ill patients in the hospital who are taking GH
chronically. Whether GH treatment of overwhelmingly ill
patients induces the release or potentiates the action of
harmful cytokines is currently under investigation.

Anabolic effects of GH therapy have also created in-
terest in its use as ancillary therapy for several chronic
illnesses. GH has been shown to improve the body com-
position of patients with acquired immunodeficiency syn-
drome’s (AIDS) wasting syndrome (another FDA-ap-
proved use of GH). Improved lean tissue mass, height and
weight gain, and decreased protein catabolism have been
reported in children with Crohn’s disease and chronic ul-
cerative colitis (163). In children with cystic fibrosis, a
randomized controlled trial showed significant improve-
ments in height and weight gain, lean tissue mass, and
pulmonary function, accompanied by decreased hospital-
ization time (164). During the next decade, we can look
forward to considerable new knowledge about the ana-
bolic effects of GH in these and related settings.

XV. ADVERSE EFFECTS OF GH TREATMENT

Recombinant biosynthetic GH preparations are highly pu-
rified and free of contaminants. The possibility of viral
transmission through GH has been virtually eliminated.
However, surveillance of patients who received pituitary-
derived GH for development of Creutzfeld-Jakob remains
important. Antigenicity of GH preparations is also low
(165), although GH antibodies can be detected in 10–30%
of treated children. With rare exceptions (less than 0.1%),
these antibodies do not impede effects of GH.

GH administration to healthy subjects acutely in-
creases serum T3 and reciprocally decreases free T4. Lab-
oratory indications of hypothyroidism may likewise be
seen in as many as 25% of GH-deficient children treated
with GH, with declines in serum T4 levels reflecting in-
creased peripheral conversion of T4 to T3 (166). GHD
patients who display subnormal nocturnal TSH surges,
signifying a pre-existing central hypothyroidism, are more
likely to display subnormal T4 and free T4 levels during
GH therapy, and to benefit from thyroid replacement
(167). Most studies, however, indicate that children with
normal thyroid function before treatment do not develop
significant perturbations in thyroid hormone metabolism
during GH therapy.

GH deficiency is associated with reductions in lean
body mass and total body water, with accompanying re-
ductions in renal plasma flow and glomerular filtration
rates. Edema and sodium retention rarely occurs early in
the course of GH therapy (particularly in older, heavier
children and adolescents), attributable to an antinatriuretic
effect on the renal tubule of GH and/or IGF-1. Minor
elevations in plasma renin activity and aldosterone ob-
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served in the first 3 days of treatment resolve within a
week or 2 (168). Occasionally, fluid shifts within the cen-
tral nervous system are sufficient to cause benign intra-
cranial hypertension (pseudotumor cerebri) and its symp-
toms of headache, visual loss, vomiting, and papilledema.
It is speculated that direct fluid-retaining properties of GH
and/or action of locally produced IGF-1 on cerebrospinal
fluid (CSF) production are causative. Most instances have
occurred during early (although not invariably) treatment
of patients with severe GHD or other risk factors for this
condition (e.g., chronic renal insufficiency, Prader-Willi
syndrome). Cessation of GH therapy has reversed the
symptoms in reported cases, and some patients experience
spontaneous resolution of symptoms in spite of continued
GH treatment (169). Resumption of GH treatment has
been successfully accomplished with reinitiation at a
lower dosage and gradual return to the initial dosage. It
is recommended that fundoscopic examination be per-
formed on all patients before initiation of GH therapy and
periodically thereafter (170).

Until recently, GH had been used primarily as re-
placement therapy for GH deficiency. Adverse effects of
GH therapy become more likely as higher dosages are
used for pharmacological GH augmentation therapy. Rec-
ommendations for GH dosage, derived largely from
growth response data, are in excess of calculated estimates
of normal GH production in a prepubertal child, and dos-
ing guidelines for adolescents are increasing further. IGF-
1 levels in some GH-treated girls with Turner’s syndrome
approach those found in acromegaly (171), and anecdotal
reports of development of acromegaloid features (e.g.,
large hands and feet) during higher than conventional dos-
age GH therapy have appeared. GH excess reduces insulin
sensitivity, and given the trend toward higher dosages, it
is important to assess a GH dosage’s effect on carbohy-
drate metabolism. Nearly all studies of GH therapy in
children and adults show an increase in fasting and post-
prandial insulin levels. However, glucose homeostasis is
generally not impaired (172). Furthermore, normal levels
of blood glucose and glycosylated hemoglobin may be
preserved by hyperinsulinemia, which when persistent can
be associated with atherosclerosis and hypertension. One
study of long-term high-dosage GH therapy found normal
glucose metabolism and higher levels of insulin (which
did not correlate closely with dosage) that returned to nor-
mal when GH therapy was discontinued (173). Given
these reassuring data, a recent report of an increased fre-
quency of type 2 diabetes in childhood GH recipients was
surprising. Fewer than half of affected subjects were obese
or had other risk factors for diabetes, two-thirds were in
puberty, and diabetes persisted in all patients after GH
discontinuation (174). Other pharmacoepidemiological
databases have not reported an increase in diabetes inci-
dence. Careful prospective follow-up of individuals dur-
ing and after GH therapy is needed to resolve this issue.

Perhaps the greatest concern regarding GH therapy is
the theoretical possibility that GH could facilitate the de-

velopment of cancers. Growth hormone is mitogenic, and
there is evidence in animals of a cause and effect relation
between supraphysiological doses of GH and development
of leukemia (175). Three clinical settings have raised con-
cern: GH-treatment-induced new malignancy; GH-treat-
ment-induced recurrent malignancy; GH-treatment-in-
duced second malignancy in those already treated for one
tumor. In 1988, reports from Japan describing leukemia
in GH-treated children raised concern about new malig-
nancy (176). An extended follow-up study of 6284 recip-
ients of pituitary-derived GH revealed a relative risk of
leukemia in recipients of GH of 2.6 (90% confidence in-
terval, 1.2–5.2). Five of six subjects had antecedent cra-
nial tumors as the cause of GH deficiency, and four had
received radiotherapy (177). Subsequent analyses, based
on much larger total patient-years of GH treatment, indi-
cate that the rates of new leukemia in (non-Japanese) pa-
tients without pre-existing risk factors who are treated
with GH is no greater than expected for the general pop-
ulation (178). This lack of increased risk in children with-
out pre-existing risk factors was recently confirmed in the
Japanese population (179). Any possible increased inci-
dence of leukemia appears limited to those patients with
known risk factors, and due to the small numbers of
events in such patients, it remains impossible to determine
any contribution of GH therapy. With regard to nonleu-
kemia cancers, a retrospective analysis of large postmar-
keting database found no evidence of an increased risk of
developing an extracranial, nonleukemia neoplasm in GH-
treated patients (180).

With regard to recurrent malignancy, no report has
associated GH therapy with an increased incidence of tu-
mor recurrence. A lack of reliable knowledge about the
natural history of recurrence of these tumors, however,
supports a cautious interpretation of such data. Most re-
currences occur within the first 2 years of treatment, and
most endocrinologists defer institution of treatment until
a year of stable remission has passed. While this may
result in some lost growth for the child, it also avoids the
inevitable association of GH therapy and tumor recurrence
during this high-risk period. With regard to second malig-
nancy, no study to date has directly compared the inci-
dence of new second tumors in those receiving GH and
those not.

In humans, GH and IGF-1 have been shown to affect
numerous immune functions, but these effects do not ap-
pear to translate into clinically relevant problems in GH-
treated children. The possibility that GH might influence
the growth rate of melanocytic nevi has been raised. How-
ever, a recent study failed to show any relationship be-
tween melanocytic nevi count and duration of GH therapy
in girls with TS, and the melanocyte count in children
with GHD was not different from controls and was not
influenced by GH therapy (181). GH treatment causes an
increase in both the proliferative and hypertrophied zones
of the growth plate that may reduce the force needed to
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shear it. An increased frequency of slipped capital femoral
epiphysis has been reported during treatment with GH
(182). This rare complication is more common in children
with organic causes of severe GHD, who require close
monitoring for limp and hip or knee pain (183). Progres-
sion of scoliosis may be more rapid during GH therapy,
but available data do not suggest an increased frequency
of scoliosis as a result of GH exposure. Nevertheless,
some children more likely to receive GH therapy (e.g.,
those with Turner syndrome, Prader-Willi syndrome) al-
ready have an increased frequency of scoliosis, and re-
quire close monitoring. Concerns raised regarding other
potential adverse effects of GH therapy (e.g., reduced tes-
ticular volume, gynecomastia, deterioration of renal func-
tion in patients with CRF, cardiac ventricular hypertrophy
in those with Turner and Noonan syndromes) have, to
date, either not been realized or considered not to be of
sufficient clinical significance to alter prescribing (184).

In summary, nearly two decades of experience with
recombinant GH has proven this therapy to be remarkably
safe when used in conventional substitution dosages for
GH deficiency. Higher-dosage therapy for other causes of
growth retardation also appear to be safe, but continued
surveillance of its metabolic effects is indicated. There
appear to be very few medical contraindications to GH
therapy. Nevertheless, the experience of transmission of
Creutzfeldt-Jakob syndrome via pituitary GH is a poi-
gnant reminder that a farsighted view must be taken of
the potential ramifications of long-term hormonal therapy.

XVI. ETHICAL ISSUES IN GH TREATMENT

Limited availability of GH once provided a barrier to ex-
panding its use beyond children who were unequivocally
GH deficient. Today, increased supply of GH has been
matched by increased demand. Ten years ago in the
United States, there was one approved indication for GH,
two GH manufacturers, and approximately 10,000 chil-
dren receiving treatment at a cost ranging between $5000
and $40,000 per year. Today, there are six FDA-approved
indications for GH (Table 1), multiple US and interna-
tional manufacturers, and well over 30,000 patients
treated. Nevertheless, GH therapy remains expensive. Re-
laxed diagnostic criteria have obliterated any clear bound-
ary between GH deficiency and sufficiency, allowing
many partially affected children access to treatment. Fu-
ture goals of GH therapy appear likely to shift further
toward supplementing and enhancing individuals’ well be-
ing rather than merely returning them to some physiolog-
ical baseline. Careful longitudinal studies, many of which
are already in progress, will be required to determine the
efficacy of GH in accomplishing these goals.

But what can be done with GH is not necessarily
what should be done. Ethical justification for these goals,
not merely the efficacy of GH therapy in accomplishing
them, also deserves careful scrutiny. New uses of GH raise

complex philosophical, psychological, and economic, as
well as medical questions that physician–scientists alone
cannot answer (185). Even if GH is shown to increase
effectively the growth of non-GH-deficient children and
even if treatment can be accomplished without toxicity,
additional considerations are needed to assess responsibly
the long-term value of the added height increment, and to
balance expected benefit with issues of resource allocation
and fairness.

Widespread distribution of GH has been partially de-
terred by high drug costs. It is a paradox that although
the source of GH is no longer limited, the resources with
which to pay for it are becoming increasingly so. Pre-
scribing GH requires a difficult and often uncomfortable
balancing of responsible use of medical resources with an
obligation to do the best for each individual patient. But
is taller really better for each patient (186)? Concern about
psychological harm is invoked as a primary rationale for
treating short stature, yet data confirming the efficacy of
GH therapy in alleviating the psychosocial consequences
of short stature are scarce. If the ultimate goal of GH
therapy is not tall stature but, rather, an improved quality
of life, documentation of psychosocial impairment due to
stature prior to therapy and improvement following GH
therapy ought to play an important role in the initiation
of GH therapy and evaluation of its efficacy (187). To
date, however, growth rate and final adult height remain
the measures by which therapeutic success is judged.

Responsiveness to GH, described above in many
groups of short-statured individuals, is a necessary but not
sufficient indication for treatment. Because of enormous
expense and concerns that such widespread access would
not ameliorate disadvantages of short stature, it seems ap-
propriate to restrict access within this group based upon
the presence of significant functional or psychological dis-
ability related to stature and the likelihood of improve-
ment with treatment. Most short children will not satisfy
these additional criteria. Children with severe GH defi-
ciency are likely to be both more disabled and more re-
sponsive than non-GH-deficient children, justifying the
former’s preferential treatment. Is it justified to restrict
access of others to GH based on the laboratory diagnosis
of GH deficiency? Some have argued that equally short
children share a similar disability, regardless of whether
stimulated GH levels fall just above or just below an ar-
bitrary threshold. If both are GH responsive and truly dis-
abled by height, there appears to be little ethical justifi-
cation for treating only the child with lower GH test
results (188).

Alleviating the disability of short stature, rather than
normalization of GH levels, has traditionally been the pri-
mary goal of GH therapy. Determining an appropriate
end-point for GH therapy remains controversial. Attain-
ment of genetic potential for height, which is a realistic
possibility with optimal diagnosis and treatment, remains
a goal for many (189). Consistent adherence to the goal
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of alleviating disabling short stature, on the other hand,
implies that GH therapy be discontinued when each
treated child reaches an adult height no longer considered
a disability. No policy regarding GH therapy will ever
eliminate the first percentile on the growth curve, but the
second strategy has as its goal bringing children into the
normal opportunity range for height without further en-
hancing those who have achieved a height within the nor-
mal adult distribution. By adhering to the treatment of
disabling short stature, and resisting the enhancement of
normal stature, physicians treating children with GH
would minimize their contribution to society’s heightist
perception that to be taller is to be better (190).
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I. INTRODUCTION

The human skeletal dysplasias are a heterogeneous group
of disorders that result in disproportionate short stature.
Although most are rare, these developmental defects of
the skeleton cause a significant proportion of the cases of
moderate to severe short stature (1).

Before 1970, the diagnosis for most patients with dis-
proportionate shortening of the limbs was achondroplasia,
and those with short trunks were thought to have Mor-
quio syndrome. The understanding and appreciation of
the heterogeneity within the skeletal dysplasias led to a
systematic description of over 100 different forms, which
have been primarily classified on the basis of clinical and
radiographic changes. With the recent explosion of knowl-
edge in the biochemistry and molecular biology of con-
nective tissue, rapid progress has occurred in the deline-
ation of the basic defect in these disorders. It is important
to make a specific diagnosis in each case so that an ac-
curate prognosis can be given and proper genetic coun-
seling provided. Furthermore, each of these disorders is
associated with a variety of skeletal or nonskeletal com-
plications, which an accurate diagnosis allows one to an-
ticipate, treat promptly, or prevent.

II. DIFFERENTIATION

The current nomenclature for these disorders is confusing.
The specific name for a given condition usually describes
the skeletal segment involved (e.g., the epiphyseal dys-
plasias and the metaphyseal dysplasias), or uses a descrip-
tive Greek term (e.g., thanatophoric [death-bringing] dys-
plasia, metatropic [changing] dysplasia, and diastrophic
[twisted] dysplasia). Some disorders are eponyms (e.g.,

Kniest dysplasia and Ellis–van Creveld syndrome). Oc-
casionally, the name was derived to describe the patho-
genesis (osteogenesis imperfecta), but usually inaccurately
(e.g., achondroplasia and achondrogenesis).

The extent of the heterogeneity in these disorders and
the variety of methods used for their classification have
resulted in further confusion. Clinical classifications have
organized the skeletal dysplasias into those with short-
limbed dwarfism and those with short-trunk dwarfism.
Age of onset of the disease and associated clinical abnor-
malities have also been used in subclassifying these dis-
orders. Still other disorders have been classified on the
basis of their apparent mode of inheritance, for example
the dominant and X-linked varieties of spondyloepiphy-
seal dysplasia.

The most widely used method for differentiating the
skeletal dysplasias has been the detection of skeletal ra-
diographic abnormalities. Radiographic classifications are
based on the different parts of the long bones that are
abnormal (epiphyses, metaphyses, or diaphyses; Figs. 1,
2). Thus, there are epiphyseal and metaphyseal dysplasias,
which can be further classified depending on whether the
spine is also involved (spondyloepiphyseal dysplasias and
spondylometaphyseal dysplasias). Furthermore, each of
these classes can be subclassified into several distinct dis-
orders based on a variety of other clinical and radio-
graphic differences.

As the morphology, pathogenesis, and especially the
basic biochemical and molecular defect in each of these
disorders are unraveled, this nomenclature is being
changed to refer to the specific pathogenetic or metabolic
defect. The etiological or pathogenetic nomenclature is
now being used for certain skeletal dysplasias, such as the
mucopolysaccharidoses, mucolipidoses (e.g., �-glucuron-
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Figure 1 Classification of chondrodysplasias based on ra-
diological involvement of long bones (A–C) and vertebrae
(D and E).

Involvement Disease category

A � D Normal
B � D Epiphyseal dysplasia
C � D Metaphyseal dysplasia
B � E Spondyloepiphyseal dysplasia
B � C � E Spondyloepimetaphyseal dysplasia

idase deficiency, fucosidosis), type II collagenopathies,
and disorders of mineralization (hypophosphatasia).

III. INTERNATIONAL CLASSIFICATION
AND NOMENCLATURE

In an attempt to develop a uniform nomenclature for these
syndromes, an international nomenclature and classifica-
tion for the skeletal dysplasias were proposed in 1969 and
updated in 1977, 1983, 1991, and 1997 (6). The most
recently updated classification can be found on the World
Wide Web at www.csmc.edu/genetics/skeldys.

The term ‘‘dwarfism’’ is no longer used and the dis-
orders have been referred to as ‘‘dysplasias’’ or ‘‘dysos-
toses.’’ The international classification, originally orga-
nized the skeletal dysplasias into five major groups:

1. Osteochondrodysplasias: abnormalities of carti-
lage or bone growth and development

2. Dysostoses: malformation of individual bones,
singly or in combination (does not reflect a gen-
eralized disorder of the skeleton)

3. Idiopathic osteolyses: a group of disorders asso-
ciated with multifocal resorption of bone

4. Skeletal disorders associated with chromosomal
aberrations

5. Skeletal disorders associated with primary met-
abolic disorders

In the differential diagnosis of short stature, osteo-
chondrodysplasias are of major importance. These are a
complex group of diseases caused by primary abnormal-
ities of cartilage or of bone growth or development. This
group was organized following classifications:

1. Defects of growth of tubular bones or spine, or
both (further referred to as chondrodysplasias)

2. Abnormalities in the amount, density, and re-
modeling of bone (includes disorders with a de-
crease or increase in bone and disorders of min-
eralization and mineral metabolism)

3. Disorders involving disorganized development of
cartilage and fibrous connective tissue

Recent advances in molecular genetics have made
possible the identification of the basic defects in many
common skeletal disorders. The Fifth International No-
menclature committee, which met in Los Angeles in 1997,
not only updated the nomenclature with the addition of a
number of newly described syndromes but also com-
pletely revised the organization of these disorders into a
clinically and pathogenetically based classification (Table
1). Thus, disorders that share clinical, radiographic, mor-
phological, or biochemical features, suggesting that they
share common pathogenetic mechanisms, were grouped
together. This classification will certainly undergo con-
stant revision as the basic defect in each of these disorders
is discovered.

IV. DIAGNOSIS AND ASSESSMENT

The diagnosis of skeletal dysplasias is based on the clin-
ical, radiographic, pathological, and, increasingly, bio-
chemical and molecular studies. Table 1 summarizes the
clinical, genetic, and radiographic features of the common
chondrodysplasias and those with abnormalities in the
amount, density, and remodeling of bone.

A. History

An accurate medical and family history may be of major
importance in arriving at a diagnosis. A complete family
history, details of stillborn children, and parental consan-
guinity should be obtained. Parents should always be
closely examined, looking for evidence of a dysplasia in
a partially expressed form. Because each of the skeletal
dysplasias most frequently appears as a sporadic case in
the family, an isolated instance of a skeletal dysplasia in
a family cannot provide information on the mode of in-
heritance of the particular disorder. However, the type of
familial aggregation, when it occurs, can be helpful. For
example, if two dwarfed siblings are born to normal par-
ents, then achondroplasia, which is an autosomal domi-
nant trait, is unlikely, and one should suspect an autoso-
mal recessive disorder. If two achondroplastic parents
produce a severely affected offspring, it is most likely
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Figure 2 Radiographs of knee (a–c) and spine (d) from patients with a variety of chondrodysplasias. a. Epiphyseal dysplasia:
note the small irregular epiphyses and normal metaphyses from a patient with spondyloepiphyseal dysplasia congenita. b.
Metaphyseal dysplasia: note the irregular and widened metaphyses with normal epiphyses from a patient with metaphyseal
dysplasia, Schmid type.

homozygous achondroplasia, rather than thanatophoric
dysplasia. However, different modes of inheritance have
been observed in disorders that resemble each other clin-
ically, such as the X-linked and certain autosomal forms
of spondyloepiphyseal dysplasia. On the other hand, in
some dominant disorders, a high incidence of gonadal mo-
saicism has been shown to account for recurrent cases in
the same family. For example, in osteogenesis imperfecta

type II, gonadal mosaicism may result in a recurrence risk
of 6%.

Because the skeletal dysplasias become apparent at
various ages, it is helpful to obtain accurate measurements
from infancy onward and, especially, to know whether the
shortening was evident at birth. Although in certain dis-
orders marked variability in expression is seen with both
prenatal and postnatal onset of the disease in the same
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Figure 2 Continued. c. Epimetaphyseal dysplasia: note the abnormal epiphyses and metaphyses from a patient with spondy-
loepimetaphyseal dysplasia, Strudwick type. d. Platyspondyly: note the flat and irregular vertebrae from a patient with spon-
dylometaphyseal dysplasia, Kozlowski type.

family (e.g., osteogenesis imperfecta type I), this infor-
mation may help limit the diagnosis to a small number of
disorders. Thus, a child who was normal until 2 years of
age and then developed disproportionate short-limbed
dwarfism is more likely to have pseudoachondroplasia or
multiple epiphyseal dysplasia than achondroplasia or
spondyloepiphyseal dysplasia congenita. In some disor-
ders, growth may be normal for several years. For in-
stance, in the X-linked form of spondyloepiphyseal dys-
plasia tarda, growth retardation is not apparent until

between 5 and 10 years of age. Relative body proportions
may change with age in some disorders, such as meta-
tropic dysplasia, in which only the limbs are short at birth;
because of progressive kyphoscoliosis, such patients be-
come short-trunked during childhood.

B. Physical Examination

A detailed physical examination may disclose the correct
diagnosis or point to the likely diagnostic category. It is
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Table 1 Clinical, Genetic, and Radiographic Features in the Chondrodysplasias

Dysplasias Clinical features Radiographic features

Achondroplasia group (the disorders
in this group have similar radio-
graphic changes but range from se-
vere neonatally lethal thanatophoric
dysplasia through achondroplasia to
mild hypochondroplasia).

Achondroplasia AD; 80% represent new mutation; the
most common skeletal dysplasia
(1:25,000 births); rhizomelic shorten-
ing of limbs (recognizable at birth);
final height averages 135 cm in men
and 125 cm in women, with wide
variability; hands are short and
broad, wedge-shaped gap between
third and fourth fingers (trident);
lumbar gibbus in infancy usually re-
placed by prominent lumbar lordosis;
limbs with skin folds in children; the
mean head circumference follows a
curve above the 97th percentile for
normal individuals; achondroplasia
specific curves are valuable to recog-
nize hydrocephalus; prominent fron-
tal bossing, hypoplasia of maxilla,
mandibular prognathism; hypotonia
is frequent during infancy; mental
development is normal; except for
patients with severe complications or
sudden infant death, life span is nor-
mal; recurrent otitis media and
chronic serous otitis are common and
lead to conductive hearing loss in
adults; overgrowth of fibula and joint
laxity cause progressive genu varum;
nerve root compression and spinal
claudication are common complica-
tions in adults; (FGFR3 mutation)

Large calvaria, short base of skull,
small foramen magnum (computed
tomographic scan norms are avail-
able); ribs are short, cupped anteri-
orly; decreased lumbosacral interpe-
dicular distance, squared off ilia,
small sacrosciatic notches; limbs are
short and broad; oval radiolucency in
proximal femur and humerus in in-
fancy; overgrowth of fibula

Hypochondroplasia AD; recognized from 2 to 3 years of
age; short-limbed (rhizomelic) short
stature; there is wide variability in
severity and much overlap in appear-
ance with achondroplasia; this type
of skeletal dysplasia is probably very
common and easily undiagnosed in
mildly short individuals; head is nor-
mal; patients are stocky and muscu-
lar; hands and feet are short and
broad; mild genu varum and mild
lumbar lordosis; mild mental retarda-
tion has been reported in some cases

Mild achondroplastic changes: skull
normal or mildly enlarged; ribs are
normal or slightly flared; distal lum-
bosacral interpedicular narrowing;
long bones: rhizomelia; short wide
bones; elongated fibula; prominent
deltoid tubercles

Thanatophoric dysplasia AD; the most common lethal type;
markedly short limbs; large bulging
forehead � cloverleaf skull; promi-
nent eyes; small, narrowed, pear-
shaped thorax; �congenital heart and
CNS defects (FGFR3 mutation)

The long bones are short and bowed;
metaphyseal flaring with medial
spikes; severe platyspondyly; the
vertebrae are hypoplastic, U-shaped
on AP view; cupped and short ribs;
large calvaria
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Spondylodysplasic and other perina-
tally lethal conditions group (dis-
tinct lethal types of skeletal dyspla-
sia)

Achondrogenesis type IA AR; lethal; very short limbs; short and
barrel-shaped chest; extremely soft
skull; round or oval face

Characterized by poor ossification of
the spine, more extreme shortening
of femora and other long bones; long
bones have concave ends and spurs
in the middle shaft; type IA (Hous-
ton-Harris) is differentiated from
Achondregenesis IB (Fraccaro) by
the lack of rib fractures, appearance
of the long bone, and cartilage his-
tology

Metatropic dysplasia group
Metatropic dysplasia AD; normal to long in length at birth,

short-limbed in infancy, becoming
short trunked later with progressive
kyphoscoliosis; prominent joints; tail-
like sacral appendage, large head
with ventriculomegaly may be pres-
ent; C1/C2 subluxation is frequent
and requires surgical fusion; severe
cases die in infancy of RDS

Extreme platyspondyly with flattening
of vertebrae and relatively large in-
tervertebral spaces; long bones: ir-
regularly expanded metaphyses giv-
ing barbell-like appearance; flattened
and irregular epiphyses; short and
broad tubular bones in hands;
marked flaring of iliac crests (hal-
berd appearance)

Short rib dysplasia (SRD) group with
or without polydactyly

Short-rib polydactyly syndrome (I, II,
III)

AR; lethal, hydropic appearance, nar-
row thorax, severe RDS, polydac-
tyly; in type I (Saldino Noonan) high
frequency of cloacal abnormalities
and postaxial polydactyly; type III is
probably the mild end of type I dis-
ease; type II (Majewski) has high
frequency of cleft lip and palate,
multiple internal anomalies, and pre-
and postaxial polydactyly

Extremely short horizontal ribs; the
pelvis is small and hypoplastic in
type I, whereas in II the pelvis is
normal; in type I the long bones are
very short with metaphyseal spurs; in
type II the long bones have a more
rounded appearance, especially the
middle segment

Asphyxiating thoracic dysplasia (ATD)
(Jeune)

AR; long narrow thorax and RDS with
variable severity; �postaxial poly-
dactyly; progressive nephropathy;
cystic changes in kidney, liver and
pancreas

Ribs are short, cupped anteriorly;
square short ilia; flat acetabulum
with spurs at ends (trident appear-
ance)

Chondroectodermal dysplasia (Ellis van
Creveld)

AR; narrowed thorax, short limbs, and
polydactyly; often with congenital
cardiac anomalies (ASD, single
atrium, PDA) and ectodermal abnor-
malities; hypoplastic nails, natal
teeth, multiple frenula, cleft lip and
palate, epispadias

Ribs and pelvis are similar to ATD;
acromesomelic shortening of limbs;
hamate–capitate fusion

Atelosteogenesis and omodysplasia
group (characterized by hypoplastic
humeri or femora, absence of ossifi-
cation of several bones, or ossifica-
tion of what should remain cartilage)
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Otopalatodigital syndrome type II X-linked; characterized by distinct fa-
cies, short and broad distal segments
of thumbs and toes; proportional
short stature and sometimes mental
retardation; facies have prominent
forehead, flat nasal root, flattening of
the midface and small jaw; �hearing
defect (conductive); dislocation of
radial heads and/or hips may be
present

Small ilia; hypoplastic distal radius re-
sults in dislocations; wide lumbar in-
terpedicular distance; small mandi-
ble; radiographic changes may not
become apparent until later in in-
fancy

Diastrophic dysplasia group
Diastrophic dysplasia AR; acute swelling of pinnae of ears in

infancy; cauliflower ears; laryngoma-
lacia; short limbed (rhizomelic), se-
vere clubfeet, joint contractures,
proximally placed abducted thumb;
progressive scoliosis; there is wide
variability in expression even within
the same family; sulfate transporter
defect (DTDST). More severe
DTDST deficiency in atelosteogene-
sis 2 and achondrogenesis IB

Hypoplasia of epiphyses and flaring
metaphyses in long bones; extracar-
pal bones; short and wide metacar-
pals and phalanges; lumbar interpe-
dicular narrowing; C2/C3 dislocation;
peritracheal, ear pinnae, and preco-
cious costal cartilage ossification

Type II collagenopathies group (all
the disorders in this group share de-
fects in type II collagen secondary to
mutations in the COL2A1 gene)

Kniest dysplasia AD; short trunk, progressive kyphosco-
liosis; joint limitation; face is flat
and round; myopia and cleft palate
are common; Swiss cheese cartilage

Coronal clefts in flattened vertebrae,
small ilia, increased acetabular an-
gles; barbell-like femora as a result
of broad metaphyses, delayed ossifi-
cation of femoral heads, cloud effect
in epiphyseal region; squared-off
metacarpals and phalanges

Stickler syndrome AD; marfanoid habitus, myopia, retinal
detachment, conductive hearing loss,
hyperextension of joints, may lead to
joint pains and morning stiffness;
cleft palate and mandibular hypopla-
sia. In some families, a type XI col-
lagen defect has been found, and in
a few, the disorders does not segre-
gate with either COL2 or COL11

Mild epiphyseal dysplasia (especially
proximal femur and distal tibia), de-
generative arthrosis (hips), wedging
of thoracic vertebrae, and Schmorl’s
disease of spine

Spondyloepiphyseal dysplasia (SED)
congenita (Spranger-Wiedeman)

AD; evident at birth; variable severity;
rhizomelic shortening of limbs, but
these appear long relative to trunk;
hands and feet are normal in size;
clubfeet; neck is extremely short; it
is important to rule out C1/C2 sub-
luxation, which may lead to disloca-
tion; broad barrel chest, lordosis; se-
vere myopia, joint laxity, cleft palate,
genu valgum or varum, waddling
gait

Platyspondyly and epiphyseal dysplasia;
delayed ossification of epiphyseal
centers and the epiphyses appear ir-
regular, fragmented, and flattened
(especially femoral); coxa vara; ver-
tebrae are ovoid in childhood but
later become flat, irregular, with nar-
rowed disk space; odontoid hypopla-
sia with C1/C2 subluxation
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Achondrogenesis II (Langer-Saldino)
and hypochondrogenesis

AD; lethal; very short limbs; short and
barrel-shaped chest; extremely soft
skull; round or oval face; deficient
type II and the presence of type I
collagen in cartilage

In contrast to achondrogenesis type I,
the long bones are straighter, rela-
tively longer with cupping of their
ends, with milder cases known as
hypochondrogenesis

Spondyloepimetaphyseal dysplasias
(SEMD; Strudwick type)

AD; resembles SED congenita at birth;
SEMD is differentiated from SED by
radiologic evidence of metaphyseal
changes; Strudwick type is character-
ized by specific radiological changes
such as peripheral ‘‘popcornlike’’ os-
sification of the femoral epiphyses,
pectus carinatum, and genu valgum;
type II collagen abnormalities have
been documented

Delayed epiphyseal ossification, club
shaped femora (first year), metaphy-
seal changes (>3 years), multiple
epiphyseal centers in femoral heads,
greater involvement of fibular and
ulna than tibia and radius; platyspon-
dyly; pear-shaped vertebrae; C1/C2
subluxation

Other spondyloepiphyseal (meta)
physeal dysplasias group

SED tarda X-linked recessive; short stature devel-
ops in midchildhood; short limbs and
short trunk; mild to severe kyphosco-
liosis; large chest capacity; hands
and feet are normal in size; early on-
set osteoarthritis in back and hips
mutations in sedlin

Flat vertebrae with hump-shaped cen-
ter; hypoplastic iliac wings; epiphys-
eal hypoplasia of large bones; pre-
mature osteoarthrosis of hips

Dyggve-Melchior-Clausen dysplasia AR; short trunk, short stature with bar-
rel chest, lumbar lordosis, restricted
joint mobility, and waddling gait;
mental retardation in most cases

Changes similar to those in SED; ante-
rior beaking of vertebral bodies; a
fine lacelike ossification above the il-
iac crest and irregular small carpal
and metacarpal bones

Multiple epiphyseal dysplasia and
pseudoachondroplasia group

Pseudoachondroplastic dysplasia AD; short limbs, short stature usually
not apparent until 2–3 years; in
some patients the limb shortening is
predominantly rhizomelic, in others
mesomelic; hyperlaxity of joints is
associated with severe varus or val-
gus or as a combined (‘‘wind-
swept’’) deformity; the facies are
characteristically attractive; all cases
have been found to have mutations
in COMP

Epiphyses and metaphyses of the tubu-
lar bones are involved, with platy-
spondyly and anterior tonguing of
the vertebral bodies; acetabular irreg-
ularity, hypoplastic ischium and pu-
bis; striking hand involvement with
shortening of tubular bones, irregular
metaphyses, and small round epi-
physes

Multiple epiphyseal dysplasias (Fair-
banks and Ribbing types)

AD; mild short stature; pain and stiff-
ness in knees, hips, and ankles; wad-
dling gait is common in severe Fair-
banks type; osteoarthropathy of hips
in mild Ribbing type—Mutations in
COMP, COL9A2, and COL9A3 have
been described to date

Characterized by flattened, fragmented,
or irregular epiphyses (all areas, in-
cluding hands and feet in Fairbanks;
primarily the hips in Ribbing); earli-
est features may be delay in epiphy-
seal ossification; no metaphyseal or
vertebral changes are seen;
Schmorl’s nodes are common
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Chondrodysplasia punctata group
(stippled epiphyses)

Chondrodysplasia punctata (punctate
epiphyseal dysplasia)

Several dysplasias (AR, rhizomelic
type; XLD, Conradi-Hunerman; and
XLR forms); laryngomalacia and up-
per airway obstruction; limbs are
proximally shortened in the rhizo-
melic type and asymmetrically short-
ened in the XLD types; cataract,
ichthyosis, and contractures are com-
mon; rhizomelic type is caused by a
peroxisomal defect, whereas the
Conradi-Hunerman form is due to a
sterol metabolic defect

Stippled calcification of epiphyses, pe-
riarticular tissues, and growth plate
zones; stippling of laryngeal carti-
lage; coronal clefts of vertebrae

Metaphyseal dysplasia group
Metaphyseal dysplasias
Jansen AD; severe short stature; recognizable

in early infancy; rhizomelic shorten-
ing; severe leg bowing, mandibular
hypoplasia; joints are large with con-
tractures; arms less affected than
legs. Mutations in PTHRP receptor

All types are characterized by metaphy-
seal involvement; all metaphyses in-
cluding hands and feet are severely
affected but improve with age

Schmid AD; mild to moderate short stature
(130–160 cm) and bowing of legs;
enlarged wrists and flaring of rib
cage; coxa vara; mutations in type X
collagen

Most prominent changes are in hips,
shoulders, knees, ankles, and wrists

McKusick type (cartilage–hair
hypoplasia)

AR; severe to moderate postnatal
growth deficiency, short broad hands
and loose joints; genu varum; fine,
light, sparse hair and light complex-
ion; increased susceptibility to severe
varicella infection

Knees especially are involved, in con-
trast to Schmid; proximal femoral
metaphyses are normal to mildly in-
volved; fibula is long relative to
tibia; ribs are short with anterior
cupping

Others Combination of metaphyseal abnormali-
ties and immune deficiency can also
be found in Schwachman syndrome
(AR), associated with pancreatic in-
sufficiency and chronic neutropenia;
metaphyseal chondrodysplasia—thy-
mic alymphopenia syndrome (AR);
and in adenosine deaminase defi-
ciency (AR)

Spondylometaphyseal dysplasia
group (association of vertebral
changes along with metaphyseal ab-
normalities in the long bones

Spondylometaphyseal dysplasia (SMD)
Kozlowski type

AD; growth retardation is usually ap-
parent after 1–2 years; short trunk,
short stature, and waddling gait de-
velop; pectus carinatum, kyphosco-
liosis, and precocious osteoarthritis;
numerous other less well defined
types of SMD have been described

Platyspondyly and general metaphyseal
irregularities in the tubular bones;
‘‘open staircase’’ appearance to ver-
tebrae on AP films; marked retarda-
tion of carpal ossification
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Mesomelic dysplasia group Heterogeneous group characterized pre-
dominantly by shortening of the mid-
dle segments of the limbs

In all types, the bones of the forearms
and shins are disproportionately
shortened

Dyschondrosteosis AD, the common type; mesomelic short
stature (mild to moderate); Madelung
deformity of the wrist; heterozygous
mutations in SHOX gene

Hypoplasia of the distal ulna; �radial
head dislocation (Madelung defor-
mity)

Langer type AR, rare, represents the homozygous
form of dyschondrosteosis; severe
short stature, mandibular hypoplasia;
homozygous for SHOX mutation

Limb bones are short and thick; hypo-
plastic fibula and distal ulna

Robinow AD; flat facial profile, mesomelic short-
ening, and genital hypoplasia; hypo-
plastic mandible and hypertelorism,
flat nose, and hypoplastic nails

Madelung deformity; posterior osseous
fusion of vertebrae; hemivertebrae

Nievergelt type AD; brachydactyly and clubfeet Rhomboid-shaped radius, ulna, tibia,
fibula; radioulnar and tarsal syno-
stosis

Rheinhardt AD; radial bowing of hands and lateral
bowing of legs

Short radius and ulna; hypoplasia of
distal ulna and proximal fibula

Acromelic and acromesomelic dyspla-
sia group (shortening of the limbs,
primarily affecting the hands and
feet)

Acromesomelic dysplasia AR; several distinct skeletal dysplasias
characterized by disproportionate
shortening, predominantly affecting
forearms, hands, feet, and legs; rec-
ognizable at birth; trunk slightly
shortened

Mild epiphyseal ossification delay;
brachydactyly with cone epiphyses;
hypoplasia of iliac base and irregular
acetabulum; wedging of vertebrae in
adults

Trichorhinophalangeal 1 (TRP)
dysplasia

AD; mild disproportionate short stature,
sparse hair, pear-shaped nose, medial
accentuation of the eyebrows; short
stubby hands; multiple joint contrac-
tures; severe genu valgum or varum;
a small chromosomal deletion in
8q24.12 was shown to be the cause
for all types; TRP type 1 involves a
smaller deletion than in the Langer–
Giedion syndrome

Numerous phalangeal cone-shaped
epiphyses of the hands; Legg-
Perthes-like changes occasionally
occur in the hips

Pseudohypoparathyroidism (type E
brachydactyly)

AD, mild short stature, marked short
IV metacarpal in hand (�feet); �hy-
pocalcemia; �parathyroid hormone
unresponsiveness

Short IV metacarpals and metatarsals

Dysplasia with significant membra-
nous bone involvement group

Cleidocranial dysplasia AD; variable expressivity; large promi-
nent forehead, wide persistent open
fontanelles, drooping shoulders, nar-
row chest, abnormal dentition, coxa
vara and joint laxity, short and
squared fingers; proportionate short
stature may occur. Transcription fac-
tor defect (CFBAI)

Varying degree of hypoplasia of mem-
branous bones; absent or hypoplastic
clavicles; narrowed and high pelvis;
delayed closure of the anterior fonta-
nelle with wormian bones are char-
acteristic
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Table 1 Continued

Dysplasias Clinical features Radiographic features

Bent-bone dysplasia group
Campomelic dysplasia AR; bending of long bones; cutaneous

dimples at the site of bend; large
head, 46 XY sex reversal in pheno-
typic females is common; some with
severe RDS because of small thorax,
hypoplastic tracheal rings, and other
anomalies; Sox 9 mutations. Various
types of short-limb bent bone dyspla-
sias have been described (kypho-
melic dysplasia) that must be differ-
entiated

Slender bent femur and tibia; enlarged
dolichocephalic skull with shallow
orbits; pelvis is tall and narrow; hy-
poplastic ischiopubic rami, hypoplas-
tic scapulae

Multiple dislocations with dysplasia
group

Larsen syndrome AD (AR?); marked hyperlaxity and
multiple dislocations (especially hips,
knees, elbows) are characteristic;
prominent forehead, low nasal
bridge, hypertelorism, and cleft uvula
are common features; disproportion-
ate short stature; the associated skel-
etal abnormalities and craniofacial
features help to differentiate Larsen
syndrome from Ehlers-Danlos syn-
drome

Multiple joint dislocations with second-
ary epiphyseal deformities; supernu-
merary carpal and tarsal ossification
centers develop; premature fusion of
the epiphyses and shaft of the first
distal phalanges

Dysplasias Clinical features Radiographic features Inheritance

Dysplasias with decreased
bone density group

Osteogenesis imperfecta (de-
fects in type I collagen as a
result of mutations in either
COL2A1 gene or COL1A2
gene

Type 1 Excessive bone fragility, blue
sclerae, conductive hearing loss
in adolescence, hyperlaxity of
ligaments, nonprogressive aortic
root dilatation (12%), most have
late-onset short stature, some
families with opalescent teeth

General osteopenia (especially ver-
tebral bodies), angulation at site
of previous fractures, wormian
bones in skull

AD

Type 2 Lethal, low birth weight and short
birth length, soft skull, beaking
of the nose, hypotelorism, short
and deformed limbs, thin and
fragile skin; prenatal diagnosis
by ultrasound, biochemical and
molecular genetic studies

Extreme beading of ribs, crumpled
appearance of long bones
(femora), diffuse osteopenia of
skull

Almost all are AD;
gonadal mosa-
icism

Type 3 Nonlethal severe bone fragility
leading to progressive deformity
and marked short stature, sclerae
may be blue at birth but become
less blue with age, most with
opalescent dentin, cardiorespira-
tory complications may lead to
death

General osteopenia and marked de-
formity of bones; fractures may
be present at birth, bowed long
bones, progressive platyspondyly
(codfish vertebrae) and kypho-
scoliosis, wormian bones in
skull

AD
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Table 1 Continued

Dysplasias Clinical features Radiographic features Inheritance

Type 4 As type 1 but with white sclerae
(may be blue at birth), some
families with opalescent teeth

Osteopenia, variability in severity
and age of onset of fractures,
multiple wormian bones of skull

AD

Disorders with defective
mineralization

Hyperphosphatasemia with os-
teoectasia

Onset 2–3 years, progressive pain-
ful skeletal deformity, fractures,
short stature, large skull; eleva-
tion of alkaline phosphatase

Dense areas interspersed with lu-
cent areas, generalized deminer-
alization (juvenile Paget’s dis-
ease)

AR

Hypophosphatasia congenital
lethal

Disproportionate short stature at
birth, bowing deformity, thin
skull vault, death from respira-
tory distress; low serum alkaline
phosphatase

Generalized poor ossification, thin
ribs, hypoplastic vertebrae,
splayed and frayed metaphyses

AR

Tarda Milder, onset in childhood, bowing
of legs, premature loss of teeth;
reduced serum alkaline phospha-
tase, elevated phosphoetha-
nolamine in the urine

As in congenital type but milder
changes

AD

Hypophosphatemic rickets X-linked hypophosphatemic rick-
ets; bowing of legs and short
stature, late dentition; low serum
phosphate

Radiographic changes are those of
rickets

X-linked dominant

Pseudo vitamin D deficiency
rickets (VDD)

Type 1 Defective 1�-hydroxylation of 25-
hydroxyvitamin D

As in rickets AR

Type 2 Impaired target organ responsive-
ness to vitamin D

As in rickets AR

Increased bone volume or
density

Osteopetrosis
Precocious form Onset in early infancy, failure to

thrive, malignant hypocalcemia,
anemia, thrombocytopenia, he-
patosplenomegaly, optic atrophy
leading to blindness, impaired
bone resorption as a result of
defect in maturation of osteo-
clasts; early bone marrow trans-
plantation may be successful

Generalized hyperostosis at birth,
‘‘bone in bone’’ appearance
(vertebrae), crowded marrow
cavity, dense base of skull

AR

Tarda Onset in childhood; may go unde-
tected until adulthood; excessive
fractures, mild craniofacial dis-
proportion, mild anemia, osteo-
necrosis of bones (especially
mandible) may develop; a dis-
tinct form with renal tubular aci-
dosis and mental retardation has
been found to be caused by a
deficiency of carbonic anhydrase
type 2; chromosome location:
8q22

Generalized increased density, de-
fective metaphyseal modeling,
dense base of skull

AD or AR
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Table 1 Continued

Dysplasias Clinical features Radiographic features Inheritance

Pycnodysostosis Short limbs, short stature from in-
fancy; wide anterior fontanelle,
large cranium with open fonta-
nelle, small chin, short hands
and feet, increased fractures,
sclerae may be blue, mutation in
cathepsin K

General hyperostosis, hypoplasia
of distal phalanges in hands,
wide sutures, and wormian
bones

AR

Dysosteosclerosis Postnatal onset of short stature, se-
vere hypodontia and early loss
of teeth, fractures, visual and
hearing loss

General hyperostosis, platyspon-
dyly

AR

Osteopoikilosis Commonly asymptomatic, joint
pains

Numerous small osteodense foci in
epiphyses and carpal centers or
tubular bones

AD

Craniotubular dysplasias
Craniometaphyseal dysplasia Broad osseous prominence of nasal

root, bony encroachment on cra-
nial foramina and nasal passages

Hyperostosis of skull, mandible,
nasal and maxillary bones; lack
of modeling of metaphyses of
long bones (Ehrlenmeyer flask
appearance)

AD and AR

Diaphyseal dysplasia (Camu-
rati Engelmann)

Failure to thrive and fatigability,
onset at age 4–10 years, pro-
gressive increased pain in the
legs, encroachment on cranial
nerves; syndactyly, enamel hy-
poplasia

Symmetrical fusiform enlargement
of the diaphyses, normal meta-
physes and epiphyses, sclerosis
of anterior base of skull

AD

Craniodiaphyseal dysplasia Flattening of nasal root in early in-
fancy, with increasing hyper-
telorism, marked encroachment
of cranial nerves in foramina,
normal stature

Massive hyperostosis and sclerosis
of the skull and face with wid-
ened shafts of tubular bones

AR

Endosteal hyperostosis and
sclerosteosis

Progressive mandibular enlarge-
ment from childhood; in adults
sclerotic encroachment of optic
and acoustic nerves

Marked accretion of osseous tissue
at the endosteal surface, fusion
between carpal bones

AR and AD

Tubular stenosis (medullary
stenosis)

Hypocalcemia, delayed closure of
fontanelle, and early-onset
myopia

Narrowing of medullary cavity
caused by widening diaphyseal
cortex

AD

Pachydermoperiostosis Progressive thickening of the skin,
clubbing of fingers, easy fatigu-
ability, joint pain, blepharitis,
sensory hearing loss

Subperiosteal thickening of tubular
bones

AD

Frontometaphyseal dysplasia Pronounced supraorbital ridge Prominent frontum, �large frontal
sinuses; no hyperostosis of rest
of skull; mild metaphyseal
changes in long bones

X-linked dominant

Osteodysplasty (Melnick-
Needles)

Abnormal gait and bowing of ex-
tremities, dislocation of hip, de-
layed closure of fontanelle,
usually normal stature, exoph-
thalmos, protruding cheeks, mi-
crognathia, incurving of the dis-
tal segment of the thumbs

Uneven thickening of cortex
bones, metaphyseal modeling
defect, wavy ribs, narrowed iliac
wings

AD (AR rare)

AR, autosomal recessive; AD, autosomal dominant; XLR, X-linked recessive; XLD, X-linked dominant; ASD, atrial septal defect; PDA, patent
ductus arteriosus; CNS, central nervous system; AP, anteroposterior. RDS, respiratory distress syndrome.
For a complete listing of Skeletal Dysplasias, see The International Nomenclature of Constitutional Disorders of Bone, 1998; www.csmc.edu/
genetics/skeldys/nomenclature.
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essential to determine whether the shortening is propor-
tional. In general, patients with disproportionate short stat-
ure have skeletal dysplasias, whereas those with relatively
normal body proportions have endocrine, nutritional, pre-
natal, or other nonskeletal defects. There are exceptions
to these rules: cretinism can lead to disproportionate short
stature, and a variety of skeletal dysplasias, such as os-
teogenesis imperfecta and hypophosphatasia, may result
in normal body proportions.

A disproportionate body habitus may not be readily
apparent on casual physical examination. Measurements
that are essential for determining whether an abnormally
short individual is disproportionate include the following:

1. Upper/lower segment ratio (U/L ratio): Although
sitting height is a more accurate measure of the
head and trunk length, it requires special equip-
ment for consistent accuracy. U/L segment ratio,
on the other hand, provides a fairly accurate mea-
sure of body proportions and can be easily ob-
tained. The lower segment measure is taken from
the symphysis pubis to the floor at the inside of
the heel, and the upper segment is obtained by
subtracting the lower segment value from the to-
tal height. McKusick has published standard
U/L curves for both white and black Americans
that are quite useful for rapid assessment of pro-
portion (1). For example, a normal white infant
has an upper/lower segment ratio of approxi-
mately 1.7; it decreases to 1.0 at 7–10 years and
then falls to an average U/L of 0.95 as an adult.
Blacks, on the other hand, have relatively long
limbs and have an U/L of approximately 0.85 as
adults.

2. Arm span: Another index of limb versus trunk
length, this measurement usually falls within a
few centimeters of total height.

These measurements must be obtained before the pos-
sibility of a mild skeletal dysplasia, such as hypochondro-
plasia or multiple epiphyseal dysplasia, can be excluded.
Short-limbed dwarfs have an abnormally high U/L ratio
and an arm span that is considerably shorter than their
height.

If a child has short-limbed dwarfism, it is important
to determine whether all segments of the limb are equally
shortened or whether the shortening primarily affects the
proximal (rhizomelic), middle (mesomelic), or distal (ac-
romelic) segment (Fig. 3).

The presence or absence of extraskeletal manifesta-
tions may be helpful in making a diagnosis. During the
examination, attention should be given to the head size,
facial appearance, and specific physical findings, such as
myopia, cleft palate, clubfoot, hearing, joint laxity, and
bone deformity. In the older child or adult, the compli-
cations associated with specific disorders may provide ad-

ditional information for making the diagnosis. For ex-
ample, spinal stenosis with spinal cord claudication is
characteristic of achondroplasia; odontoid hypoplasia and
C1/C2 subluxation are frequently found in Morquio syn-
drome, spondyloepiphyseal dysplasia, and metatropic dys-
plasia; fibular overgrowth (and genu varum) is seen in
achondroplasia and cartilage hair hypoplasia.

C. Skeletal Radiographs

A full series of skeletal views is usually required (2).
These views include anteroposterior (AP), lateral, and
Towne views of the skull, AP and lateral views of the
spine, and AP views of the pelvis and extremities, with
separate AP views of hands and feet. Lateral views of the
foot are particularly helpful in identifying punctate calci-
fications of the calcaneus, which may be a clue to the
diagnosis of the milder forms of chondrodysplasia punc-
tata, confirming the delayed ossification of the calcaneus
and talus in newborns with spondyloepiphyseal dysplasia
congenita, and in delineating the double ossification cen-
ters of the calcaneus in Larsen syndrome.

Attention should be paid to the specific parts of the
skeleton involved (spine, limbs, pelvis, and skull) and,
within each, where the abnormality is located (epiphysis,
metaphysis, diaphysis, or combination). Because the skel-
etal radiographic features in many of these disorders
change with age, reviewing radiographs taken at different
ages is helpful. Moreover, epiphyseal closure, which oc-
curs after puberty, frequently obliterates the specific ab-
normalities that would have permitted a specific diagnosis
to be made had the films been taken before puberty. Nev-
ertheless, skeletal radiographs alone are often sufficient to
make the diagnosis because the classification of these dis-
orders has been based primarily on their radiographic fea-
tures.

Apart from the changes in the epiphyses, diaphyses,
and metaphyses, some radiographic features characterize
certain disorders:

So-called Dumbbell-shaped femur in the newborn pe-
riod: metatropic dysplasia and Kniest dysplasia

Bending of long bones (campomelia): common in
campomelic dysplasia, kyphomelic dysplasias,
osteogenesis imperfecta, congenital hypophos-
phatasia, and thanatophoric dysplasia.

Calcified projections or spikes on lateral borders of
the metaphyses of the femur: thanatophoric dys-
plasia, achondrogenesis, and short-rib polydac-
tyly syndrome type I/III

Fractures of long bones in the newborn: osteogenesis
imperfecta, congenital osteopetrosis, and severe
hypophosphatasia. In the older individual, frac-
tures may also be seen in a variety of osteo-
petrotic syndromes, including dysosteosclerosis
and pyknodysostosis.
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Figure 3 Different forms of disproportionate dwarfism. a. Short-trunk dwarfism in a girl with Dyggve-Melchior-Clausen
syndrome. b. Short-limb dwarfism of the rhizomelic type in a boy with achondroplasia. c. Short-limb dwarfism of the mesomelic
type in a boy with mesomelic dysplasia, Langer type. d. Short-limb dwarfism of the acromelic type in a girl with peripheral
dysostosis.

Marked delay in epiphyseal center ossification: spon-
dyloepiphyseal dysplasia (SED) congenita,
Kniest dysplasia, and other SED and multiple ep-
iphyseal dysplasias.

Stippled epiphyses: the chondrodysplasia punctatas,
cerebrohepatorenal syndrome, warfarin-related
embryopathy, and, occasionally, with chromoso-
mal trisomy, lysosomal storage diseases, diphe-

nylhydantoin-induced embryopathy, the Smith-
Lemli-Opitz syndrome, and congenital infections.

Severely shortened ribs: short-rib polydactyly syn-
dromes, asphyxiating thoracic dysplasia, chon-
droectodermal dysplasia, thanatophoric dyspla-
sias, and metatropic dysplasia.

Decreased ossification of the vertebral bodies: most
severe in the achondrogenesis syndromes.
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Severe platyspondyly: metatropic dysplasia, thanato-
phoric dysplasia (U-shaped in thoracic spine and
inverted U shape in the lumbar spine), osteoge-
nesis imperfecta type II, congenital hypophos-
phatasia Morquio syndrome, spondylometaphy-
seal dysplasia, brachyolmia, and others.

Coronal clefts of the vertebra: Kniest dysplasia, Rol-
land-Desbuquois syndrome, Weisenbach-Zwey-
muller syndrome, chondrodysplasia punctata,
and atelosteogenesis.

Oval translucent appearance of the proximal femora
and humeri in infants: achondroplasia, thanato-
phoric dysplasia and hypochondroplasia.

These examples are representative of only a few of
the many typical radiographic features seen in the skeletal
dysplasias (see Table 1). Other radiographic differences
within what is now considered a given skeletal dysplasia
may be found as the complete heterogeneity of this group
of disorders is delineated by results of the molecular and
biochemical studies.

D. Microscopic Evaluation

Histological examination of the chondroosseous tissue can
be useful in making an accurate diagnosis of several spe-
cific skeletal disorders, especially the lethal neonatal
types. In certain other conditions, the pathological exam-
ination is useful in ruling out a diagnosis. (A protocol for
the collection of skeletal tissues can be found in Sec. VII.)

On morphological grounds, the chondrodysplasias
can be broadly classified into the following disorders:

1. Minimal or no qualitative abnormality in endo-
chondral ossification: achondroplasia and hypo-
chondroplasia (in which abnormalities in the
height and arrangement of proliferative columns,
particularly in the center of the large growth
plates, are the only changes).

2. Abnormalities mainly in cellular morphology:
large chondrocytes, containing prominent inclu-
sions; for example, achondrogenesis IA, pseu-
doachondroplasia, and certain SEDs; sparse ma-
trix with collagen rings around the chondrocytes
as in diastrophic dysplasia and achondrogenesis
IB. Dilatation of the chondrocyte rough endo-
plasmic reticulum (RER): for example, the SEDs,
pseudoachondroplasia, and Kniest dysplasia.
Thus dilatation of the RER is not a diagnostic
finding, although it suggests defective synthesis
or abnormal processing of a matrix protein in
these conditions.

3. Abnormalities in matrix morphology: areas of
cell degeneration with wide collagen fibrils,
scar formation, and intracartilaginous ossifica-
tion: diastrophic dysplasia. So-called Swiss-
cheese appearance of cartilage: Kniest dysplasia.
Large la-cunae containing numerous chondro-

cytes: Dyggve-Melchior-Clausen syndrome. Ar-
eas of dystrophic ossification, fibrous dysplasia,
and fat deposition in the reserve zone cartilage
of the matrix: chondrodysplasia punctata. Wide
interwoven connective septa in epiphyseal carti-
lage and basal zone: fibrochondrogenesis.

4. Abnormalities primarily localized to the area of
chondroosseous transformation: reduced and dis-
organized columnization: thanatophoric dyspla-
sia, short-rib polydactyly syndromes. Broad ma-
trix septa surrounding clusters of hypertrophic
cells: the metaphyseal dysplasias, opsismodys-
plasia.

E. Biochemical Studies

Great progress has been made in recent years in our
knowledge about the biochemical defect involved in cer-
tain of the skeletal dysplasias. These findings may help us
to understand the basic biology of the normal bone and
provide us with new means for prenatal diagnosis and
treatment.

F. Molecular Studies

Significant developments in the field of molecular genet-
ics have allowed mapping and identification of the genes
causing many of the skeletal dysplasias (3–5). The spe-
cific gene defects that produce skeletal dysplasias can be
classified into several distinct pathogenetic categories: Ab-
normalities in the structural proteins of cartilage, includ-
ing collagens type II, IX, X and XI and cartilage oligo-
meric matrix protein (COMP); inborn errors of cartilage
metabolism, including the diastrophic dysplasia sulfate
transport (DTDST) disorders, arylsulfatase E, lysomsomal
enzymes, and cathespin K; local regulators of cartilage
growth, such as fibroblast growth factor receptor (FGFR3)
and parathyroid hormone receptor protein; systemic de-
fects influencing cartilage, including adenosine deaminase
deficiency, peroxisomal enzyme deficiencies, and phos-
phoadenosine-phosphosulfate synthetase (PAPS); tran-
scription factor mutations, such as CBFA1, CDMP1,
SoX9, LMxaB, SHOX; tumor suppressor genes, as in the
multiple exostoses; and signal protein inactivators, such
as Noggin.

The emerging data of the last few years outlining the
molecular basis of skeletal dysplasias has been instructive
in several respects. For example, phenotypically distinct
entities have been found to be allelic variants, with mu-
tations in the same gene (e.g., achondroplasia, hypochon-
droplasia, thanatophoric dysplasia, and certain cranio-
synostotic syndromes). On the other hand, certain
dysplasias have been found to be due to mutations in dif-
ferent genes (e.g., multiple epiphyseal dysplasia with mu-
tations in cartilage oligomeric matrix protein or type IX
collagen); and Stickler syndrome, with mutations in type
II and type XI collagen. In most of the conditions in
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which the molecular basis has been defined, numerous
different mutations are described. Consequently, diagnosis
by DNA analysis is difficult, unless the distinct mutation
in the family has been defined, or expensive sequencing
of the entire gene is performed. Chip technology will
eventually solve this problem. Achondroplasia is unusual
in that over 98% of the cases are due to a single mutation,
making an inexpensive molecular diagnostic test possible.

V. PRENATAL DIAGNOSIS

Many of the skeletal dysplasias manifest in the prenatal
period and can be identified by prenatal ultrasound. The
great majority of cases, however, occur for the first time
in a family and are thus unsuspected and picked up by
routine ultrasonography by measurement of femur length.
This is true for both dominant disorders such as thanato-
phoric dysplasia and spondyloepiphyseal dysplasia con-
genita and for recessive disorders such as diastrophic dys-
plasia and cartilage hair hypoplasia. Many of these
disorders will manifest shortening of the extremities by as
early as 13–16 weeks, but in achondroplasia femoral
shortening may not be evident until the late second tri-
mester (2). Of course, disorders that do not present in the
newborn period cannot be detected by prenatal ultrasound.

Retrospective analysis (7) in 250 cases revealed that
the accuracy in diagnosis in 250 cases referred to the In-
ternational Skeletal Dysplasia Registry at Cedars–Sinai
Medical Center (www.csmc.edu/genetics/skeldys) was ap-
proximately 30%. Further retrospective analysis of accu-
racy of prenatal diagnosis in 1000 cases referred to the
Registry (1990–2000) indicated that a correct referring
diagnosis was made in 37% of the cases, but in over 60%
of the cases either an incorrect diagnosis or no diagnosis
was made (8). Analysis of this 1000 case cohort showed
that the most common diagnoses were osteogenesis im-
perfecta type II (20%), thanatophoria (11%), and achon-
drogenesis II (8.2%). The other 37% of cases were spe-
cific skeletal dysplasias, 12% were syndromes, and 5%
were nonskeletal dysplasias and probably represented
early-onset intrauterine growth retardation. In 4.5% of the
referred cases, radiographs or histological examination
could not make a specific diagnosis. With the increasing
use of prenatal ultrasound, increasing numbers of skeletal
dysplasia cases are recognized by ultrasound. However,
the above data show that prenatal ultrasound parameters
need to be defined for a more accurate prenatal diagnosis
of the skeletal dysplasias.

With the explosion of knowledge concerning the ba-
sic molecular defect in the skeletal dysplasias, prenatal
diagnosis by mutation detection in amniocytes or chori-
onic villous cells can be accomplished if the exact mu-
tation is known in a previously affected child, since most
of these disorders are due to private mutations in the same
gene. Linkage analysis can be used in families with mul-
tiple affected members, even if the specific mutation is

not known. In achondroplasia, in which almost all cases
share the same mutation, molecular diagnosis can be read-
ily accomplished by sequence analysis or restriction frag-
ment polymorphism. This is especially valuable when
both parents are achondroplasts and want to rule out the
25% possibility of the fetus being a lethal homozygote.

VI. MANAGEMENT

Effective management requires precise diagnosis, prompt
recognition of specific skeletal and nonskeletal compli-
cations, appropriate orthopedic and rehabilitative care,
emotional support and psychosocial counseling, and ge-
netic counseling. There is no specific cure for any of these
conditions.

Orthopedic management aims at maximizing mobility
and correcting deformity; if deformities in the lower limbs
are left uncorrected beyond puberty, early onset of os-
teoarthritis may lead to mechanically unsound joints.
Early recognition of spinal deformity and its early treat-
ment with bracing or surgical intervention may reduce
morbidity (from scoliosis) in adult life.

VII. EXTENDED LIMB LENGTHENING

Extended limb lengthening was first developed for the
treatment of leg length discrepancy and later became uti-
lized bilaterally for increasing the height of dwarfed in-
dividuals. The original techniques involved osteotomies
involving the periosteum and distraction of the broken
ends, the gap being filled in with bone grafts and stabi-
lized with hardware, which was subsequently removed.
Serious complications including osteomyelitis, hyperten-
sion, nerve and vascular damage frequently followed. The
Siberian orthopedist Ilizarov developed a new technique,
which involved percutaneous breaks in the bone with the
periosteum remaining intact. He developed a new circular
fixator–distractor, but the secret to his success was the
subperiosteal break, leaving nerve and blood supply intact
and the extremely slow rate of distraction. Up to 6 inches
of new bone could be achieved in each of the limb seg-
ments, allowing many dwarfs to enter normal growth
curves.

Over the last 20 years a number of other techniques
have been developed, which all involve percutaneous os-
teotomies of the metaphases or diaphyses of the long
bones, the insertion of screws and wires above and below
the fracture line, and the attachment of an external tele-
scoping fixator. The device is then turned several times a
day, extending the fracture gap by about 1 cm/day. When
the desired increase in length is attained, the distraction
is stopped and the callus allowed to consolidate. When
consolidation is complete, the device and pins are re-
moved. There is a substantial recovery time requiring ac-
tive physical therapy, as the muscles become stretched and
weak. The different techniques vary in the type of dis-
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tractor, whether pins or wires are used, and which bones
are extended simultaneously and in what sequence. If us-
ing the large circular Ilizarov distractors, both femurs can-
not be done simultaneously, and either both segments of
one leg or a contralateral femur and tibia are done simul-
taneously. If one has to stop before the entire process is
completed, significant asymmetry will result. If one uses
a linear fixator and pins, both tibias can be done simul-
taneously, followed by both femurs. The humeri are fre-
quently lengthened by 4 inches between doing the two leg
segments.

All patients experience one or more complications
during this prolonged lengthening process, including pin
tract infections; malunion; delayed consolidation; varus or
valgus deviations; joint contractures or dislocations; and
muscle, nerve, and vascular damage. We have used the
Vilarrubias technique, which utilizes a linear Wagner fix-
ator with two large screws on each side of the break and
simultaneous lengthening of the tibias followed by the
humeri and then the femurs. Tendonotomies of the Achil-
les tendon and flexors and the hips are also performed,
allowing plantar flexion of the foot and a marked decrease
in the lumbar lordosis. We believe that the latter will sig-
nificantly increase spinal canal volume, and thereby, we
hope, prevent or decrease the spinal claudication that most
achondroplastic dwarfs experience.

By using a team approach of orthopedists, geneticists,
psychologists, physical therapists, and other specialists,
and carefully monitoring nerve conduction and blood
flow, one can minimize the complications. We do not start
limb lengthening in dwarfed children until they are at least
13 years of age. We believe that it should be the child and
not the parents who make the decision to undergo this
prolonged, inconvenient, and complication-ridden proce-
dure. Achondroplastic dwarfs are excellent candidates for
ELL since only their limbs are short and they have ex-
cessive soft tissues, with joint laxity and tortuous vessels
and nerves. The procedure has also been done in a variety
of other forms of short limb dwarfism and the tibias alone
have been modified in patients with Turner’s syndrome.
It is not recommended for patients with short trunks or
proportionate short stature.

VIII. GROWTH HORMONE THERAPY
IN ACHONDROPLASIA

The use of recombinant growth hormone therapy for
achondroplasia has been evaluated by several centers in
relatively short-term trials. In most of the trials, there is
a statistically significant increase in predicted growth rate
in the first year of treatment (9). However, this trend of
increased growth velocity decreases in the second year of
treatment and thereafter. If the data are extrapolated for a
prolonged period of treatment, it appears that the increase
in final height in these patients will be only a few centi-
meters above predicted, and will not result in a significant

increase in final height. No studies have pursued multiyear
trials. Furthermore, several studies have shown great in-
dividual variability in responsiveness in these patients.
This data is not dissimilar to the data describing human
growth hormone (hGH) treatment in Turner syndrome.
Some Turner syndrome patients have had a statistically
significant increase in growth velocity with prolonged
treatment, while others do not respond. We have con-
ducted a long-term follow-up on our 2 year hGH-treated
achondroplasia patients, who were then left untreated for
up to 8 years. Although these patients demonstrated an
increase in growth velocity during treatment during the
first year of therapy, long-term evaluation showed no sig-
nificant change in height from pretreatment predicted
height. Multiyear trials must be conducted to document
whether any long-term benefits could take place. The data
suggesting a decrease in responsiveness to hGH over time
bring up the question of whether performing pulsatile
therapy (e.g., treatment for 2 years, off for a year) and
whether continuation of this cycle will replicate the in-
crease in growth velocity seen in the first year of treat-
ment. The pertinent issue is whether this treatment can
produce a clinically relevant increase in height. Only a
few studies with a limited number of patients have been
performed in hypochondroplasia with variable results.
Furthermore, these studies were not performed on patients
with a documented molecular defect in FGFR3, which
may complicate the interpretation of the responsiveness,
since hypochondroplasia is genetically heterogeneous.
Growth hormone trials on only a few patients with other
less common skeletal dysplasias have been conducted, and
there are not sufficient available data to conclude whether
there is a treatment benefit. However, in view of the in-
creased predisposition to malignancy in cartilage–hair hy-
poplasia, we believe that growth hormone therapy should
not be attempted in this condition.

IX. COLLECTION OF SKELETAL TISSUES

A variety of histological, histochemical, immunohisto-
chemical, ultrastructural, and biochemical studies of chon-
droosseous tissue and skin can be performed. Specimens
can be sent to one of the laboratories that specialize in
processing and interpreting tissue from the skeletal dys-
plasias (e.g., The International Skeletal Dysplasia Regis-
try, Cedars–Sinai Medical Center, Los Angeles, CA). Pro-
tocols for collection of samples and discretions for
obtaining informed consent and shipping can be found on
its website: www.csmc.edu/genetics/skeldys.
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Tall Stature and Excessive Growth Syndromes
S. Douglas Frasier
UCLA School of Medicine, Los Angeles, California, U.S.A.

Tall stature and excessive growth syndromes are relatively
rare concerns in pediatric and pediatric endocrine practice.
Nevertheless, an important group of pathological condi-
tions and variants in the pattern of normal growth and
development is first brought to the physician’s attention
by these complaints. The causes of excessive growth that
are important in children and adolescents are shown in
Table 1. This chapter considers growth syndromes and
disorders of importance to pediatric endocrinologists, in-
cluding constitutional tall stature. However, disorders of
sexual maturation are discussed elsewhere in this book.

I. DEFINITION AND CLASSIFICATION OF
OVERGROWTH SYNDROMES

Overgrowth syndromes can be classified into three cate-
gories:

1. Generalized overgrowth syndromes
2. Regional overgrowth snyndromes
3. Parameter-specific growth overgrowth disorders

Generalized overgrowth syndromes, which include
the classic overgrowth conditions, are those in which all
or most parameters of growth and physical development
are in excess of 2 standard deviations above the mean for
the person’s age and gender. Some of the classic condi-
tions in this category are listed in Table 1 and are dis-
cussed in detail in this chapter. The regional overgrowth
disorders include those in which excessive growth is con-
fined to one or a few regions of the body. An example is
benign familial macrocephaly and hemihyperplasia or he-
mihypertrophy, among others. There are also parameter-
specific overgrowth disorders in which a single or at most
several growth parameters are in excess of normal. For
example, familial idiopathic obesity and Prader-Willi Syn-
drome are examples in this category.

The incidence of each overgrowth syndrome or dis-
order varies greatly, from being as common as 1:1000–

1500 as occurs with the fragile x syndrome, to less than
1:1,000,000 births in other more rare syndromes such as
Elejalde syndrome, a striking prenatal overgrowth syn-
drome that has been reported in only three siblings. The
reader is referred to volume 1, number 10 of Growth,
Genetics and Hormones (March, 1994) which published
two very good reviews of overgrowth syndromes, includ-
ing their causes and diagnosis.

II. GROWTH HORMONE EXCESS

As recently reviewed (1, 2) and as exemplified by several
representative reports (3–10), growth hormone excess, al-
though rare, must be considered as a cause of tall stature
and rapid growth in all patients with this clinical picture.

A. Causes and Pathogenesis

Excessive growth hormone secretion is most often a pri-
mary disorder and is associated with a functioning pitui-
tary adenoma. If growth hormone excess is present, the
pituitary tumor, regardless of its staining characteristics,
contains typical growth-hormone-secretory granules. Oc-
casionally, the tumor secretes excess prolactin in addition
to growth hormone (11–13) and prolactin-secretory gran-
ules are also demonstrated. Growth hormone excess is
usually present as an isolated abnormality, but associa-
tions occur with McCune-Albright syndrome (14–17), tu-
berous sclerosis (18) neurofibromatosis (19, 20), and optic
chiasm glioma (20, 21).

As with all functioning endocrine tumors, the specific
pathogenesis of growth-hormone-secreting adenomas is
not completely understood. In some patients, the excess
growth hormone (GH) secretion and ademoma formation
may be secondary to unrestrained stimulation of the so-
matotrophs by growth-hormone-releasing hormone (22–
24). Impaired somatostatin (somatotropin release-inhibit-
ing factor; SRIF) secretion is also a theoretical pathogenic
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Table 1 Causes of Tall Stature and
Excessive Growth

Endocrine disorders
Growth hormone excess
Disorders of sexual maturation

Precocious puberty
Virilization
Feminization
Hypogonadism

Nonendocrine disorders
Cerebral gigantism (Sotos syndrome)
Klinefelters syndrome
XYY males
Marfan syndrome
Homocystinuria

Normal variants: Constitutional tall stature

Figure 1 A 17-6/12-year-old boy with growth hormone ex-
cess due to a pituitary adenoma. Height was 193 cm and
weight was 108.3 kg. (From Frasier SD, Pediatric Endocri-
nology. New York: Grune and Stratton Inc., 1980.)

consideration (19–21). Various mutations in the gene for
the alpha subunit of the stimulatory G protein, which in-
creases cyclic AMP formation, have been demonstrated in
growth-hormone-secreting pituitary adenomas (25–27).
These putative oncogenes may cause somatotropin hyper-
plasia and the development of an adenoma through the
unrestrained production of cyclic AMP, which leads to an
increase in both cell growth and cell function. Specific
constitutive G protein alpha gene mutations have been
demonstrated in patients with McCune-Albright syndrome
and pituitary adenoma (28, 29). Recently, a loss in het-
erozygosity for a tumor suppressor gene at the 11q13 lo-
cus has been described in both isolated familial GH-se-
creting pituitary adenomas and in similar tumors in
families with the multiple endocrine neoplasia (MEN type
1) syndrome (30, 31).

B. Clinical Manifestations

Growth hormone excess leads to either gigantism or ac-
romegaly, depending on whether the epiphyses are open
or closed. Typically, gigantism occurs in young children
and acromegaly is seen in adults. The adolescent who still
has open epiphyses shows a mixed picture of rapid growth
and acromegalic features, termed acromegalic gigantism
(Fig. 1).

Young patients with excess growth hormone secretion
are both tall and grow at a rate greater than normal for
their age. Their growth curve progressively deviates away
from normal. When growth hormone excess begins during
adolescence, there is enlargement of the lower jaw, hands,
and feet in addition to the rapid increase in height.

In rare cases, this clinical picture may be imitated by
the syndrome of pseudoacromegaly or acromegaloidism,
in which growth hormone secretion is normal but other
non-growth-hormone-dependent growth factors may be
present in excess (32).

Expanding adenomas may interfere with the secretion
of one or more pituitary trophic hormones. Thus, a
growth-hormone-secreting adenoma may be associated
with gonadotropin deficiency leading to delayed or ar-
rested puberty and, less often, adrenocorticotropin
(ACTH) and/or thyroid-stimulating hormone (TSH) defi-
ciency. When there is combined growth hormone excess
and gonadotropin deficiency, patients may show both ex-
cessive growth and eunuchoid body proportions.

Impaired vision and visual field abnormalities may
accompany growth hormone excess. The characteristic ab-
normality is bitemporal homonymous hemianopsia (so-
called tunnel vision) because of midline compression of
the optic chiasm. However, a wide variety of visual field
defects may be produced depending on the size and lo-
cation of the tumor. Expanding intrasellar tumors may
also lead to increased intracranial pressure and/or symp-
toms of hypothalamic dysfunction.
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C. Diagnosis

The clinical diagnosis of growth hormone excess is con-
firmed by demonstrating an elevated serum concentration
of growth hormone that is not suppressed by raising the
concentration of blood glucose during performance of a
standard glucose tolerance test. The administration of glu-
cose by mouth in a dosage of 1.75 g/kg, up to a maximum
of 100 g, will raise the blood glucose concentration to a
level that will suppress the serum GH concentration to
less than 5 ng/ml in normal persons. The lowest concen-
tration of GH is seen between 60 and 120 min after the
ingestion of glucose. Failure to suppress the serum con-
centration of GH supports the diagnosis of growth hor-
mone excess due to hypothalamic or pituitary dysfunction
(4). Confirmation of the diagnosis is also aided by dem-
onstrating an elevated serum somatomedin-C (IGF-1) con-
centration (33). The level of growth hormone activity may
be better correlated with the somatomedin-C concentra-
tion than with the concentration of growth hormone after
glucose suppression.

In at least 25% of patients there is glucose intolerance
and hyperinsulinism. Failure to increase the serum con-
centration of growth hormone above the already elevated
levels in response to hypoglycemia and relative resistance
to the hypoglycemic effects of exogenous insulin are also
present.

When growth hormone excess is confirmed, the pos-
sibility of pituitary trophic hormone deficiencies should
be investigated by performing standard tests of pituitary
function.

Complete neuroradiological studies aimed at demon-
strating the size and location of the pituitary adenoma are
essential in planning therapy. A number of studies have
been recommended in the past: these have included skull
films, cone-down views of the sella turcica, sellar poly-
tomography, computed tomography (CT), and magnetic
resonance imaging (MRI). MRI with and without gado-
linium contrast is the preferred modern technology.

D. Treatment

Treatment is directed at eliminating excess growth hor-
mone secretion (34). In the past, this has meant destruc-
tion of the tumor, and a number of ablative techniques
have been employed. Radiation from an external source
is the least effective. Transsphenoidal microsurgery ap-
pears to offer the best possibility of complete removal of
the tumor with preservation of remaining pituitary func-
tion. This technique is particularly useful when small tu-
mors without extrasellar extension are the source of ex-
cess GH secretion (35). When the tumor is too large for
this approach, a craniotomy with direct visualization and
removal of the tumor must be performed.

There has been significant progress in the pharma-
cological management of growth hormone excess with the
dopamine receptor agonist, bromocriptine, and with ana-

logs of somatostatin, octreotide, and lantreotide. Bromo-
criptine inhibits the secretion of both growth hormone and
prolactin through direct effects on the pituitary. There is
also evidence indicating an inhibitory effect on cell
growth leading to a decrease in the size of some pituitary
tumors. This agent has been used successfully in several
children with growth hormone excess (36, 37). In these
patients excess growth hormone secretion was partially
inhibited and associated excess prolactin secretion was
abolished. There was significant clinical improvement,
even though the suppresion of GH secretion was incom-
plete. Between 10 and 20 mg/day of bromocriptine was
therapeutic and no significant side effects were observed.

Somatostatin is a potent inhibitor of growth hormone
secretion initially isolated from the hypothalamus. Al-
though native somatostatin inhibits GH secretion in ac-
romegaly, its effect is very short lived and somatostatin
administration has variable undesirable effects on glucose
metabolism. The somatostatin analog octreotide, which
may be given every 6–8 h and has relatively little effect
on insulin secretion, has been found useful in the man-
agement of GH excess. This agent has now been admin-
istered to pediatric patients with growth-hormone-produc-
ing tumors (38–40). Effective dosages were 50–100 �g
given every 6–8 h. Side effects have been minimal and
both growth hormone secretion and pituitary tumor size
have decreased significantly in response to octreotide ad-
ministration.

Recent studies in adults with acromegaly have indi-
cated that lantreotide, a long-acting somatostatin analog
that can be given every 10–14 days (41), and a very-long-
acting formulation of octreotide that can be given every
4 weeks (42) are both effective and safe as treatment for
growth hormone excess. Studies in pediatric patients have
not yet been reported.

E. PROGNOSIS

The rarity of growth hormone excess and the relatively
recent application of transsphenoidal surgery and medical
suppression of growth hormone secretion make generali-
zations regarding the prognosis of GH excess in children
and adolescents difficult. However, a report from Man-
chester, England (43), describes the serious physical and
psychological disability observed in 10 untreated or par-
tially treated patients. Marked skeletal deformity and psy-
chological problems were common. More aggressive ther-
apy and current methods of management may improve
this poor outcome.

III. CEREBRAL GIGANTISM
(SOTOS SYNDROME)

Cerebral gigantism is a clinical syndrome of rapid growth
in infancy, dysmorphic features, and a nonprogressive
neurological disorder first described by Sotos and others



136 Frasier

Table 2 Clinical Manifestations of
Cerebral Gigantism

Clinical sign/symptom % of cases

Gigantism 100
Rapid growth in infancy 100
Prominent forehead 96
High-arched palate 96
Hyperteleorism 91
Long head 84
Pointed chin 83
Developmental retardation 83
Advanced bone age 74
Impaired fine motor control 52
Neonatal irritability 44
Feeding problems 44

Figure 2 A 4-9/12-year-old girl with cerebral gigantism.
Height was 55.7 cm (height age, 11-9/12) and weight was
33.7 kg (weight age, 10-10/12). Developmental level was 3–
3-6/12 years. (Courtesy of Juan F. Sotos M.D., Children’s
Hospital, Columbus, Ohio.)

in 1964 (44). Since this initial description more than 250
patients have been reported in numerous case reports and
in several reviews (45–48).

A. Causes and Pathogenesis

The underlying cause(s) of cerebral gigantism are not un-
derstood. Although most instances of this syndrome are
sporadic, there have been reports of familial occurence
and dominant inheritance has been suggested in several
families (48). In addition, here have been reports of the
syndrome in first cousins, siblings in a highly inbred fam-
ily, and monozygotic twins (46), suggesting the possibility
of recessive inheritance. One report identified fragile X
chromosomes in two affected patients (49), but this ap-
pears to be a fortuitous association. These data clearly
suggest genetic heterogeneity as well as clinical hetero-
geneity in cerebral gigantism and make a single cause
unlikely.

The constellation of abnormalities suggests hypotha-
lamic dysfunction, but no specific neuropathological le-
sions have been identified (50). Extensive investigation
has not shown any consistent abnormality of growth hor-
mone secretion or IGF-I or IGF-II concentrations. Other
abnormal growth factors may be present, but they have
not yet been identified.

B. Clinical Manifestations

The major clinical manifestations of cerebral gigantism
are listed in Table 2. Patients are large at birth, both in
weight and length (47), and growth is rapid during the
first year. By 1 year of age most patients are above the
97th percentile height for age and gender. Growth velocity
also exceeds the 97th percentile. Rapid growth continues
for the first 3–4 years (Fig. 2). Body proportions are ab-
normal, with arm span exceeding height by as much as 5
cm. This difference is normally negative up to age 12 and
only exceeds 2 cm in young men older than 13 or 14 years
(45).

Fine motor control is impaired in infancy and early
childhood and developmental milestones are delayed. In-
tellectual impairment is mild to moderate and median IQ
score is 70–75 (45, 51). The neonatal period is charac-
terized by irritability and feeding problems in addition to
large size.

The bone age is generally advanced between 1 and 2
years. Mildly dilated cerebral ventricles are present in the
majority of patients when they are studied by pneumoen-
cephalography or CT scanning.

C. Diagnosis

The diagnosis depends on the characteristic clinical pic-
ture. There are no definitive physical findings and no spe-
cific laboratory results. As yet no characteristic mutations
have been described in this group of patients. Other causes
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of overgrowth and mental retardation, such as fragile X
syndrome and Marfan syndrome, need to be excluded.

D. Treatment

Treatment is directed at improving the level of motor and
intellectual function, as with any child who manifests de-
velopmental delay and intellectual handicap. Modification
of ultimate height might be considered under very unusual
circumstances (see below).

E. Prognosis

The prognosis for normal adult intellectual function is
poor even in the best of circumstances. A recent study
evaluated 20 male and 20 female patients with Sotos syn-
drome to their ultimate height (52). The mean adult height
in men was 183.4 (standard deviation [SD] 6.0) cm and
the mean adult height in women was 172 (SD 5.7) cm.
The average height achieved was not excessive and these
data would point away from any need to attempt modifi-
cation of height with hormonal therapy.

Concern has been expressed that patients with cere-
bral gigantism may be particularly susceptible to the de-
velopment of tumors (48, 53). This may represent another
facet of growth without proper control that may be the
basic mechanism underlying this and other overgrowth
syndromes.

IV. KLINEFELTER SYNDROME

Klinefelter syndrome is a relatively common abnormal-
ity in phenotypic males, occurring in 1:500–1000 live
male births (54–56). Although it may present in a variety
of different ways, tall stature is a frequent finding in both
children and adolescents.

A. Causes and Pathogenesis

Klinefelter syndrome is due to an abnormality in chro-
mosome number in which two or more X chromosomes
are present in male patients. By far the most usual ab-
normal karyotype is 47 XXY. However, mosaic karyo-
types such as XY/XXY have also been described, as have
other aneuploid karyotypes such as 48 XXXY or 49
XXXXY. The presence of one or more extra X chromo-
somes is associated with testicular failure, which results
in infertility and impaired testosterone production. The
testes show hyalinization and fibrosis of the seminiferous
tubules with histologically intact interstitial cells.

B. Clinical Manifestations

Klinefelter syndrome is infrequently diagnosed in pre-
pubertal children. However, the increased frequency of
amniocentesis has led to a number of fetal diagnoses. Sev-
eral clinical clues point to this diagnosis in childhood and

should lead to appropriate laboratory evaluation (54). Pre-
pubertal boys with an extra X chromosome are often tall
for their age. Body proportions are often abnormal, with
relatively long legs reflected in a low upper/lower segment
ratio. Patients tend to be thin and underweight for their
height and age. Genital abnormalities such as small phal-
lus, hypospadias, and cryptorchidism may be present. Al-
though the testes are often normal in size prior to puberty,
they are abnormally small (<2 ml in volume) in a few
patients. The major means of revealing Klinefelter syn-
drome before puberty is studying boys with mental retar-
dation or school and/or behavior difficulties. Learning and
psychological problems are common in this group of chil-
dren.

Adolescent patients with Klinefelter syndrome are
usually taller than expected for their age and have abnor-
mal proportions with persistent increased leg length (57).
The testes are disproportionally small for the level of pu-
bertal development. Testicular maturation begins with the
onset of puberty but regresses by midadolescence and tes-
ticular volume rarely exceeds 2–3 ml. Testicular length is
generally below 2.0 cm. The testes are usually firm and
show diminished sensitivity to pressure. Androgen func-
tion is initially preserved and almost all boys enter pu-
berty. Penile and pubic hair development are generally
satisfactory. However, oligospermia or aspermia is uni-
formly present. Adolescent development may be delayed
and impotence or other problems of sexual function may
develop (57–59).

Gynecomastia is common. This begins as simple ad-
olescent breast enlargement but is often marked and per-
sistent. It is frequently the reason that patients seek med-
ical advice and is very distressing to most.

As a group, patients with Klinefelter syndrome have
lower than expected verbal IQ scores and a significant
increase in learning, behavioral, and psychosocial prob-
lems (60, 61).

C. Diagnosis

The clinical picture of tall stature, gynecomastia, and
small testes in a male with adequate secondary sex char-
acteristics is often diagnostic. The clinical diagnosis of
Klinefelter syndrome is confirmed by the demonstration
of one or more extra X chromosomes in the karyotype.
Primary gonadal failure is reflected in elevated serum con-
centrations of pituitary gonadotropins. Although levels of
both luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) are elevated, the major increase is in FSH
(58, 59). Testosterone concentrations are variable but usu-
ally in the low–normal adult male range (58). Average
concentrations are clearly below those seen in normal ad-
olescent boys (57).

D. Treatment

The administration of testosterone may be helpful when
adolescent development is delayed or when sexual func-
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Table 3 Clinical Manifestations of
Marfan Syndrome

Skeletal
Tall stature
Long, thin extremities
Long fingers (arachnodactyly)
Loose joints
Scoliosis
Pectus deformity

Ocular
Flat cornea
Dislocated lens
Myopia
Retinal detachment

Cardiovascular
Diffuse aortic aneurysm
Dissecting aortic aneurysm
Mitral regurgitation

tion is impaired. Full replacement therapy with 200–400
mg long-acting, intramuscular testosterone every 3 or 4
weeks should be given to restore serum testosterone con-
centrations to the normal range. Gynecomastia may re-
quire surgical therapy with simple mammoplasty using a
circumareolar incision.

E. Prognosis

Although some patients function normally, impaired in-
tellectual function and psychosocial difficulties persist in
a significant number (62). Sexual function may be im-
paired. A recent study of cancer risk in patients with
Klinefelter syndrome found an increased incidence of
mediastinal germ cell tumors during adolescence and
young adulthood (63). Impaired fertility has been man-
aged by the use of donor sperm and artificial insemination
of wives of Klinefelter syndrome patients (62), and by
the ingenious in-vitro fertilization technique of intracyto-
plasmic injection into the wife’s ova of sperm extracted
from the testes of affected men (64).

V. XYY SYNDROME

The presence of an extra Y chromosome also predisposes
to tall stature (60, 65). Males with the XYY syndrome are
relatively common in the general population. Newborn
screening studies indicate an incidence of between 1:500
and 1:1000 live male birth (55, 56). There is no uniform
phenotypic expression of this abnormal karyotype, but the
incidence is much higher when males whose height ex-
ceeds 183 cm (72�) are screened.

In addition to tall stature there appear to be few phe-
notypic expressions of the XYY syndrome. Those de-
scribed include severe acne, hypospadias and/or cryptor-
chidism, radioulnar synostosis, and mild or moderate
mental retardation (60, 61, 66, 67). The finding of an
XYY karyotype in a newborn does not necessarily predict
intellectual function or behavior. Generalizations cannot
be made regarding the correlation between karyotype and
behavioral phenotype (60, 62).

VI. MARFAN SYNDROME

Marfan syndrome is a heritable disorder of connective
tissue in which tall stature is one of a spectrum of abnor-
malities that lead to significant morbidity and early mor-
tality.

A. Causes and Pathogenesis

Marfan syndrome is an autosomal dominant disorder. In
65–75% of patients one parent is affected and sporadic
new mutations account for 25–35% of patients. There is
a 50% recurrence risk in the offspring of affected individ-
uals. Although the degree of expression and severity of

clinical features may vary from family to family, involve-
ment in a particular individual cannot be predicted from
knowledge of the family history.

Marfan syndrome is caused by mutations in the fi-
brillin gene located on chromosome 15 (68–71). The af-
fected gene product, fibrillin, a 350 kD glycoprotein, is a
structural component of a microfibril, the elastin-associ-
ated microfibril, found in the extracellular matrix of con-
nective tissue. Patients with Marfan syndrome have a
deficiency of elastin-associated microfibrils, which leads
to the syndrome’s clinical manifestations (72, 73).

B. Clinical Manifestations

A complex constellation of abnormalities characterize
Marfan syndrome. As shown in Table 3, skeletal, ocular,
and cardiovascular systems are involved (48, 74, 75).

Height is increased and body proportions are abnor-
mal. Both arm and leg length are greater than normal so
that arm span is significantly greater than height and the
upper/lower segment ratio is diminished. Arachnodactyly
(long fingers and toes) is seen in the majority of patients.
There is often a pectus excavatum chest deformity and
scoliosis is common. The joints are hyperextensible and
lax.

Ocular abnormalities are extremely common. The
cornea is flat and congenital subluxation of the lens with
upward displacement is frequently present. The ability to
accommodate is retained. Refractive errors, particularly
myopia, are present in many patients. Retinal detachment
is a common complication.

The shortened life span of patients with Marfan syn-
drome is due to its cardiovascular manifestations. The
combination of physical examination and echocardio-
graphy shows some abnormality in almost all patients.
Both aortic and mitral regurgitation are present. Aortic
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Table 4 Clinical Manifestations
of Homocystinuria

Tall stature
Marfanoid habitus
Mental retardation
Dislocated lens
Osteoporosis
Thrombosis

root dilatation is seen relatively early when sophisticated
diagnostic tools are employed. Aortic regurgitation, dis-
section, and rupture are major life-threatening complica-
tions (76).

C. Diagnosis

The characteristic familial, musculoskeletal, ocular, and
cardiovascular manifestations of Marfan syndrome are
usually diagnostic. Specific molecular diagnosis, while
possible, is not yet generally available. Careful measure-
ments including assessment of body proportions, ocular
examination including slit lamp evaluation, and cardio-
vascular studies including echocardiography should allow
the clinician to make the correct diagnosis once it is con-
sidered to be a possibility.

D. Treatment

There is no specific treatment, but several approaches may
reduce the morbidity and perhaps even the mortality of
patients with Marfan syndrome (75). Early recognition
and correction of a refractive error will prevent the am-
blyopia that often limits vision. Prevention or correction
of scoliosis and repair of the pectus deformity may be
very helpful.

When significant aortic regurgitation is noted, an aor-
tic valve prosthesis may be utilized. Progressive aortic
dilatation may be managed by graft placement. Attempts
have been made to limit progression of aortic dilatation
by administering propranolol or other beta-adrenergic
blocking agent. Theoretically, this will decrease left ven-
tricular ejection impulse and protect the aortic root from
a maximal exposure to left ventricular pressure. It remains
to be seen whether such therapy is effective.

E. Prognosis

The life expectancy of patients with Marfan syndrome
is about half that of the general population. Half of the
affected male patients are dead by age 40–45 and half of
affected female patients die by age 50–55. In more than
95% of patients death is due to cardiovascular complica-
tions (76). Newer therapeutic approaches may be improv-
ing these figures. In a recent study from the United King-
dom (77), the median total survival was 53 years for men
and 72 years for women.

VII. HOMOCYSTINURIA

Homocystinuria due to a deficiency of cystathionine beta-
synthase (CBS) is an unusual disorder of amino acid me-
tabolism (78) in which the phenotype has a significant
resemblance to that of Marfan syndrome. It also carries a
significant morbidity and mortality (79–81).

A. Causes and Pathogenesis

Cystathionine B-synthase deficiency is inherited as an au-
tosomal recessive inborn metabolic error. It is caused by
a large number of mutations in the CBS gene (82). The
recurrence rate is 25% for each pregnancy when both par-
ents are carriers. This enzyme is active in the pathway
through which methionine is converted to cystine. It
catalizes the metabolic step at which homocystine and ser-
ine combine to form cystathionine. When the enzyme is
deficient, homocystine and methionine accumulate in
plasma and homocystinuria is seen. The plasma concen-
trations of cystathionine and cystine are markedly re-
duced. There is a significant quantitive, and probably
qualitative, heterogeneity in the enzyme deficiency. The
best example of this is the dichotomy between patients in
whom the administration of pyridoxine (vitamin B6) leads
to correction of the chemical abnormality and those in
whom it does not. There is apparent segregation of these
two types of abnormality among affected families (80,
81).

B. Clinical Manifestations

The clinical manifestations of homocystinuria are re-
viewed by Sotos (48) and are shown in Table 4. In ad-
dition to tall stature and marfanoid habitus, patients with
homocystinuria show abnormalities involving multiple or-
gan systems. The eye, nervous system, skeleton, and vas-
cular system are all affected. Patients are usually normal
at birth and the clinical manifestations come to the phy-
sician’s attention in the first few years of life.

Mental retardation occurs very frequently and is often
the presenting abnormality. The original patients were
found by screening a population of retarded children for
aminoaciduria. Convulsions are seen in 10–20% of pa-
tients.

The optic lens is dislocated in the majority of pa-
tients. Displacement is usually downward and the eyes
lose their ability to accommodate. There is marked myo-
pia and astigmatism. Osteoporosis, scoliosis, and vertebral
collapse may be seen.

Thromboembolic phenomenon, especially in the post-
operative period, is a life-threatening complication. Both
arterial and venous occlusion are seen and sudden death
may result. Heterozygotes develop premature thrombotic
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Table 5 Major Clinical Manifestations of
Beckwith-Wiedemann Syndrome

Clinical sign/symptom Percentage of cases

Macroglossia 95
Craniofacial anomalies 80
Visceromegaly 80
Umbilical anomalies 75
Earlobe anomalies 70
Increased birthweight 60
Postnatal gigantism 60
Facial flame nevus 60
Hypoglycemia 55
Cardiac defects 35

disease affecting coronary, cerebral, and peripheral arter-
ies (83).

C. Diagnosis

Cystathionine B-synthase deficiency may be suspected on
the basis of homocystinuria and elevated plasma concen-
trations of homocystine and methionine. Plasma cystine
concentrations are low. Confirmation depends on dem-
onstrating a deficiency of cystathionine B-synthase in a
liver biopsy specimen, cultured phytohemagglutinin-stim-
ulated lymphocytes, or skin fibroblasts. Newborn screen-
ing is available in populations at increased risk (84).

D. Treatment

Dietary methionine is restricted and dietary cystine is sup-
plemented. Special synthetic diets that are virtually me-
thionine-free are generally used.

All patients should be given a trial of therapy with
pyridoxine. Patients should not be considered to be un-
responsive to pyridoxine until 500–1000 mg daily for 3–
4 weeks is shown to be ineffective. Responsive patients
can usually be managed with 150–250 mg pyridoxine
daily.

E. Prognosis

Methionine restriction ameliorates mental retardation
when it is begun after diagnosis on the basis of newborn
screening. When patients are not diagnosed in the new-
born period, a significant number are mentally retarded
and have other complications by age 15. The prognosis
also depends significantly on whether or not the patient is
pyridoxine-responsive (80). Lens dislocation, osteopo-
rosis, and late thromboembolic phenomenon are less fre-
quent in B6-responsive patients. However, there is an in-
crease in mortality due to thromboembolism in both
responsive and nonresponsive patients. Almost 25% of
nonresponsive patients and 5% of responsive patients die
by age 30.

VIII. BECKWITH-WIEDEMANN SYNDROME

Beckwith-Wiedemann syndrome (BWS), (85, 86) which
is also termed exomphalos–macroglossia–gigantism
(EMG) syndrome, is generally recognized in the neonatal
period on the basis of a characteristic phenotype, which
includes somatic overgrowth and hypoglycemia (87).

A. Causes and Pathogenesis

Beckwith-Wiedemann syndrome is a genetically deter-
mined set of phenotypic features in which there are ab-
normalities of a region of the short arm of chromosome
11, 11p15.5 (88–90). This disorder is an example of chro-
mosomal imprinting in which the abnormality is derived

from only the male or female parent. In the case of BWS
the abnormality is paternal (91–94) and affected patients
show either trisomy for this region with the duplication
arising in the father, or paternal disomy for this region
with loss of the maternal chromosome contribution. The
specific gene or genes that are duplicated have not yet
been determined, but the IGF-II gene is the putative can-
didate. The IGF-II gene, or some other growth promoter,
appears to be the probable cause of the characteristic phe-
notype of this disorder (95).

B. Clinical Manifestations

The typical clinical appearance of patients with Beckwith-
Wiedemann syndrome (Table 5) includes macroglossia;
umbilical abnormalities, such as ompholocele, umbilical
hernia, and diastasis recti; craniofacial anomalies such as
midface hypoplasia, prominent occiput, flat nasal bridge,
and high-arched palate; increased birthweight and post-
natal gigantism; earlobe anomalies that include grooves,
pits, and notches; enlarged liver, kidneys, and other or-
gans; facial flame nevus; and hyperinsulinemic hypogly-
cemia. A significant number of patients have somatic as-
symetry that may be associated with the development of
various cancers, particularly nephroblastoma (Wilms’ tu-
mor), adrenocortical carcinoma, hepatoblastoma, and
rhabdomyosarcoma (96, 97).

Hypoglycemia, if it is present, usually occurs in the
first few days of life. It is extremely important to recog-
nize and manage this feature of BWS as soon as possible
to prevent subsequent brain damage, developmental delay,
and microcephaly that may result from an unrecognized
chronic low blood glucose concentration. Blood glucose
should be monitored frequently during the first 72 h of
life in all neonates showing the clinical features of this
disorder.

C. Diagnosis

As with other dysmorphic syndromes, the diagnosis of
BWS depends on a characteristic clinical picture rather
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than any specific diagnostic test. Demonstration of the un-
derlying genetic abnormalities requires extremely sophis-
ticated methodology beyond the scope of a standard clin-
ical or genetics laboratory. The major features (Table 5)
should be present before a diagnosis of BWS is assigned
to an individual patient.

D. Treatment

Treatment is directed at specific features of this syndrome.
Surgical repair of umbilical abnormalities is sometimes
necessary. Management of associated cardiac anomalies
depends on the nature of the defect and on whether or not
cardiac failure is present. Associated tumors require a spe-
cific management plans.

Since the pathogenesis of the neonatal hypoglycemia
of BWS is hyperinsulinism, treatment is directed at re-
ducing the excess insulin secretion. A number of agents,
such as glucocorticoids, Susphrine�, and zinc glucagon
have been employed, but most effective medical manage-
ment has been with diazoxide. Subtotal pancreatectomy is
reserved for patients who are not made normoglycemic
with diazoxide therapy.

E. Prognosis

There is a very high mortality rate in infancy among BWS
patients: 20–25% die by age 1 year (85). The causes of
death are not well documented but associated heart dis-
ease and unrecognized hypoglycemia are significant con-
tributors. Patients generally continue to grow excessively
and the majority remain above the 95th percentile for
height and weight through adolescence. Intellectual func-
tion is variable and delayed development is often seen
when hypoglycemia has been recognized late or when its
management has been suboptimal. When malignancies de-
velop in BWS patients, the prognosis becomes that of the
associated cancer. Children who survive infancy with
good control of their hypoglycemia appear to have a
reasonable prognosis for growth and intellectual func-
tion (98).

IX. HEMIHYPERTROPHY

Hemihypertrophy or assymetrical overgrowth is of partic-
ular significance because of its association with malig-
nancy. By far the most common associated cancer is
Wilms’ tumor (99). Other tumors that occur in patients
with hemihypertrophy are adrenocortical carcinoma and
adenoma, rhabdomyosarcoma, and hepatoblastoma. These
cancers are the same as those noted in patients with Beck-
with-Wiedemann syndrome. As in BWS, abnormalities of
chromosome 11 at the 11 15p site are found in these tu-
mors (100). By far the most significant aspect of hemi-
hypertrophy is not the overgrowth itself but the develop-
ment of malignancy. All such patients require close

follow-up to discover these tumors at the earliest possible
time.

X. CONSTITUTIONAL TALL STATURE

Constitutional tall stature is a variant of the normal pattern
of childhood growth and development (101). Its incidence
varies with the sociocultural definition of normal and the
level of parental concern regarding height. In the past,
pediatric endocrinologists were often asked to see tall girls
whose tall mothers were concerned about their daughters’
ultimate height. A great deal of the initial concern over
the patient’s height reflected whatever social and psycho-
logical problems the mother may have had as a tall ado-
lescent and young adult and anticipated that her daughter
would have. Over the past 20–30 years, as the role of
women in American society has expanded and as it has
become first permitted and then fashionable for girls to be
athletic and to concentrate on physical training, the fre-
quency of this complaint has declined significantly. It has
always been extremely unusual for American families to
consider that their sons were too tall. Nevertheless, there
remains considerable interest in constitutional tall stature
and its treatment, particularly in Western Europe (102).

A. Causes and Pathogenesis

The growth pattern of patients with constitutional tall stat-
ure follows that of one or both parents who are also tall.
Thus, genetic and familial factors appear to play the most
important role in the condition’s cause and pathogenesis.

Endocrinological studies of tall children have yielded
variable results. An increased serum concentration of
growth hormone in response to both glucose loading (103,
104) and the administration of thyrotropin-releasing hor-
mone (TRH) (104) has been demonstrated, but similar ob-
servations have been made in normal pubertal children
(105). This apparent paradoxical growth hormone re-
sponse may be a phenomenon of normal adolescence
(105, 106) and have no significance relative to tall stature.

B. Clinical Manifestations

Patients with constitutional tall stature are between 2 and
4 standard deviations above the average height for their
age. Length is normal at birth and tall stature is evident
by age 3 or 4 years. Growth velocity is accelerated in
early childhood but slows after 4 or 5 years of age when
the growth curve is parallel to the normal curve (107).
Body proportions are normal. There is the same variability
in the timing of adolescent development, as in children of
average height, and the age of onset of puberty tends to
follow the pattern characteristic for the patient’s family.

C. Diagnosis

The diagnosis is generally clear from the family history,
record of growth, and results of physical examination.
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Specific laboratory studies of endocrine function are
rarely indicated. Bone age determination as part of the
initial evaluation is essential so that the most accurate pre-
diction of adult height can be given to the patient and
family. The bone age shows the same variability as that
of the general population of children. Advanced bone age
is not associated with constitutional tall stature in the same
way that delayed bone age is associated with constitu-
tional short stature.

D. Treatment

Management of tall children and adolescents remains
among the more controversial topics in pediatric endocri-
nology. Generally, therapy has been aimed at inducing in-
complete precocious puberty and accelerating the rate of
development of secondary sex characteristics through the
pharmacological administration of gonadal steroids. In
theory, the acceleration of epiphyseal maturation that ac-
companies gonadal steroid administration should lead to
early closure of the epiphyses. Somatomedin generation
may also be inhibited by pharmacological dosages of es-
trogen (108).

A large number of reports have appeared describing
the administration of estrogens in tall girls. A variety of
preparations and dose schedules have been employed.
These include injectable estradiol valerate (109, 110), im-
planted estradiol pellets (111), and oral stilbestrol 3 mg/
day (112), diethylstilbestrol 5 mg/day (113), ethinyl estra-
diol 0.1 mg/day (114, 115), 0.25 mg/day (113, 115), 0.3
mg/day (114–116), or 0.5 mg/day (114–116), and con-
jugated estrogens 2.5–10.0 mg/day (108, 118–121).

There is general agreement that a favorable effect on
ultimate height results from such pharmacological therapy
(122). The overall average decrease in ultimate height has
varied from 2.3 to 7.3 cm, with the mean effect in most
studies being between 3.0 and 5.0 cm. Much greater ef-
fects have been claimed in selected patients. Most inves-
tigators consider that the effects are greatest when therapy
is begun at a bone age below 12–13 years and/or a chron-
ological age below 11 to 12 years. Treatment should be
continued until the epiphyses have fused. The exact age
at which estrogen treatment should be started and the pre-
dicted mature height that would serve as an indication for
treatment remain in question.

Short-term side effects of estrogen administration in-
clude nausea, weight gain, pigmentation, leg cramps, and
transient hypertension (108–119, 121). There may be the
induction of hyperlipidemia, glucose intolerance, or cho-
lelithiasis (120). Thromboembolism is a potential hazard
(123). During treatment the gonadotropin response to go-
nadotropin-releasing hormone is uniformly suppressed
(108, 124). However, menstrual function generally returns
promptly after discontinuing estrogen administration.
There appear to be no deleterious long-term effects on
reproductive function in treated women studied 10 years
after receiving estrogen for tall stature (115). The overall

late effects of pharmacological estrogen administration on
gonadal function and both genital tract and breast neopla-
sia are unknown.

There remains considerable disagreement about
whether the benefits of the effect on ultimate height out-
weigh the risks of high-dosage estrogen administration in
young girls. I believe that too much is unknown about the
late effects of such therapy on reproductive function and
the development of neoplasms of the breast and female
genital tract. In my opinion, the potential risks outweigh
the benefits. Girls with Marfan syndrome and with the
potential for development of scoliosis may be a special
case (125). The difficulties that a patient’s tall stature pre-
sent to her and, more often, to her mother, can usually be
dealt with through sympathetic support. Occasionally,
more intensive individual or family psychotherapy is nec-
essary.

Although tall stature has not been a complaint among
adolescent boys in the United States, it has been a suffi-
cient cause of concern in Europe to lead to gonadal steroid
therapy (116, 126). The administration of a long-acting
intramuscular testosterone preparation, 500 mg every 2 or
3 weeks (mean dosage 500 mg/m2/month), has produced
a significant reduction in predicted mature height (116).
Short-term treatment of 6 months’ duration was inef-
fective (127). Long-term gonadal function appears to be
normal in treated boys (128, 129). The same questions
regarding benefits and risks as well as the same psycho-
logical considerations apply to the treatment of tall boys
as to tall girls.

Bromocriptine has also been used to treat tall patients.
If growth hormone secretion were suppressed in tall ad-
olescents while pubertal epiphyseal maturation progressed
at a normal rate, ultimate height might be reduced. There
are conflicting reports of the efficacy of bromocriptine in
limiting adult height. An initial report suggested a signif-
icant effect (130), but subsequent studies have reported
equivocal (131) or negative (132) results.

Octreotide has recently been used in small groups of
tall children to inhibit growth hormone secretion and
growth velocity (133, 134). Preliminary results suggest a
role for this agent in the management of tall stature. How-
ever, a great deal of additional data must accumulate be-
fore the administration of somatostatin analogs can be
considered other than experimental therapy.

E. Prognosis

The long-term prognosis for mature height in a patient
with constitutional tall stature is consistent with the height
attained by the rest of their family. An accurate prognosis
for ultimate height obtained as part of the initial evalua-
tion often indicates that the patient will not be nearly as
tall as his parents fear. In these instances, the prognosis
becomes part of the supportive therapy given to the fam-
ily. However, height predictions often prove to be inac-
curate when final height is attained (135).
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I. INTRODUCTION

The adrenal gland is made of two parts, the cortex and
the medulla, which have different embryonic origins. By
4–5 weeks of fetal life, cells from the mesoderm aggre-
gate to form a primitive cortex between the posterior part
of the dorsal mesentery and the gonadal ridge (1). Shortly
thereafter, this primitive cortex becomes surrounded by a
narrow band of cells termed permanent cortex. By 7–8
weeks of fetal life, the primitive cortex is invaded by
chromaffin cells that develop rapidly and eventually re-
place most of the primitive cortical cells, forming the me-
dulla (1). At that time, the adrenal gland is in close rela-
tion with the cranial part of the primitive kidney and not
far from the genital ridge.

The adrenal medulla, which originates from ecto-
dermal cells, has an entirely different function from the
mesodermal adrenal cortex. In this chapter only the latter
is discussed.

In the adult, the adrenal cortex is made of three dis-
tinctive zones. The outer zona glomerulosa secretes al-
dosterone; the middle zona fasciculata and the inner zona
reticularis together are involved in the secretion of the
cortisol and adrenal androgens (1). We first discuss the
physiological function of the adrenal cortex. Then we con-
sider the disorders related to the hyposecretion and hy-
persecretion of adrenal cortical hormones.

II. PHYSIOLOGY

A. Biosynthesis of Adrenocortical Steroids

1. The Enzymes
Cholesterol is the precursor of all steroids of both gonadal
and adrenocortical origin (2). The biosynthetic pathway

of adrenal steroids is shown in Figure 1. The conversion
of cholesterol to the various hormones requires the se-
quential action of a series of six enzymes, as listed in
Table 1. All but 3�-hydroxysteroid dehydrogenase are
members of a family of enzymes termed cytochromes
P450. They are heme-containing proteins that act as
mixed-function oxidases (3). Three of these enzymes have
a very similar structure: cholesterol side-chain cleavage
enzyme encoded by the gene CYP11A, 11�-hydroxylase
encoded by CYP11B1, and aldosterone synthetase en-
coded by CYP11B2. The last two genes are contiguous
on the long arm of chromosome 8q22. The gene CYP11A
is located on chromosome 15q23–24; this enzyme re-
quires the activity of another gene product, the steroido-
genic acute regulatory protein (StAR).

The cholesterol side-chain cleavage enzyme has the
ability to add a hydroxyl group on carbons 20 and 22 of
the cholesterol molecule as well as to remove a side chain
between carbons 20 and 22 (4). The 3�-hydroxysteroid
dehydrogenase (3�-HSD) converts pregnenolone to pro-
gesterone as well as 17�-hydroxypregnenolone to 17�-
hydroxyprogesterone; this is accomplished by reduction
of the 3,�-hydroxyl group into a 3-ketone and isomeri-
zation of the 5,6 double bond to a 3,4 double bond. Its
gene is located in chromosome 1p13.1 The 17�-hydrox-
ylase enzyme (chromosome 10 q24–25) has the ability of
both 17�-hydroxylation and 17,20-lyase. The latter activ-
ity transforms steroids with 21 carbons into steroids with
19 carbons. 21-Hydroxylase (CYP21) and 11�-hydroxy-
lase (CYP11B1) are specific for the function of adding a
hydroxyl group in carbons 21 and 11, respectively. Al-
dosterone synthetase (CYP11B2) adds an 11�-hydroxyl
group and an 18-hydroxyl group and is also capable of
18-oxidation (5). Whereas the CYP11A, 3�-HSD, and
CYP21 genes are expressed in all the zones of the adrenal
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Figure 1 Biosynthesis of adrenocortical steroids. The path-
way from cholesterol to cortisol, aldosterone, and adrenal
androgens requires the action of five cytochrome P450
(CYP11A, CYP17, CYP21, CYP11B1, and CYP11B2) and
one dehydrogenase (3�-hydroxysteroid dehydrogenase).
(From Ref. 2.)

Table 1 Nomenclature for the Various Steroid
Biosynthetic Enzymes and the Respective Genes

Enzyme activity Gene
Chromosomal

locus

Cholesterol side-chain cleavage
enzyme (20-hydroxylase,
22-hydroxylase, 20,22-lyase)

CYP11A 15223–q24

3�-Hydroxysteroid
dehydrogenase

3�-HSD 1p13.1

17�-Hydroxylase and
17,20-lyase

CYP17 10q24–q25

21-Hydroxylase CYP21 6p21
11�-Hydroxylase

(some 18-hydroxylation)
CYP11B1 8q22

Aldosterone synthetase
(11�-hydroxylation,
18-hydroxylation,
and 18-oxidation)

CYP11B2 8q22

cortex, the CYP17 and CYP11B1 genes are expressed
only in the zona fasciculata–reticularis and the CYP11B2
gene is expressed only in the zona glomerulosa. This ac-
counts for the specificity of steroid production by the var-
ious zones of the cortex.

2. Subcellular Location of the Various Enzymes
As shown in Figure 2, cholesterol is stored in the adrenal
cell as cholesterol esters. Under the influence of an ester-
ase, cholesterol becomes available and is transported to
the mitochondria, where it is converted to pregnenolone
(2). This steroid then moves into the endoplasmic reticu-
lum, where 3�-hydroxysteroid dehydrogenase, 21-hy-
droxylase, and 17-hydroxylase enzymes are located. The

resulting steroids include 11-deoxycorticosterone (DOC)
and 11-deoxycortisol as well as two C-19 carbon steroids,
androstenedione and dehydroepiandrosterone (DHA). At
that point, DOC and 11-deoxycortisol return to the mito-
chondria, where they are converted into corticosterone and
cortisol, respectively. This is basically the end of the bi-
osynthetic process in the cells of the zona fasciculata.

In the cells of the zona glomerulosa, there is no 17-
hydroxylase activity and, therefore, no formation of cor-
tisol or androgens. However, the mitochondria of these
cells include CYP11B2 enzyme, which transforms DOC
into corticosterone, 18-hydroxycorticosterone, and aldo-
sterone.

Finally, it must be noted that the activity of all cy-
tochrome P450 enzymes requires a gain of electrons.
These electrons are transferred from NADPH. In the mi-
tochondria this transfer is made via two intermediaries,
adrenodoxin and adrenodoxin reductase, whereas in the
microsomes the transfer requires only the presence of an
adrenodoxin (2).

3. The Placental–Fetal Adrenal Unit
Early in fetal life, the adrenal cortex is capable of secret-
ing steroids. It lacks 3�-hydroxysteroid dehydrogenase,
however, and the major hormones secreted include preg-
nenolone, 17�-hydroxypregnenolone, DHA, and 16�-hy-
droxy-DHA. All these steroids circulate mainly as sulfate
conjugates, which are then transferred to the placenta (Fig.
3) (1). This organ is rich in sulfatase, which makes the
native steroids available to the greatly active placental 3�-
hydroxysteroid dehydrogenase. The resulting progester-
one and 17�-hydroxyprogesterone are returned in part to
the fetus and are used by the fetal adrenal to make aldo-
sterone and cortisol and by the fetal gonad to make testos-
terone.
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Figure 2 Subcellular location of the various steps of steroidogenesis in an adrenal cell. Cholesterol from blood or from
intracellular synthesis is stored as cholesterol esters. An esterase makes cholesterol available when needed. CYP11A is located
in the mitochondria. The pregnenolone formed moves to the endoplastic reticulum where it is submitted to the effects of 3�-
HSD, CYP17, and CYP21. The resulting 11-deoxycorticosterone (DOC) and 11-deoxycortisol return to the mitochondria where
the CYP11B1 and CYP11B2 cytochromes are located. The main steroids secreted by the adrenal cortex are shown outside of
the adrenal cell. (From Ref. 2.)

The placental 3�-hydroxysteroid dehydrogenase also
transforms DHA and its 16�-hydroxylated derivative into
androstenedione and its 16�-hydroxylated derivative. In
the next step, placental aromatase transforms androstene-
dione into estrone and estradiol, whereas 16�-hydroxyan-
drostenedione is metabolized into estriol. Most of these
estrogens are excreted by the mother. The large amounts
of estriol excreted by the mother are related to the large
amounts of 16�-OH-DHA secreted by the adrenal cortex
of the fetus.

B. Control of Adrenal Steroid Secretion

1. Regulation of Cortisol Secretion
The ability of the adrenal gland to synthesize cortisol is
dependent upon the secretion by the hypothalamus of cor-
ticotropin-releasing hormone (CRH). By the use of the
short loop of the portal vessel system from the hypothal-
amus to the anterior pituitary, CRH reaches the cortico-

trophs and triggers the secretion of adrenocorticotropic
hormone (ACTH).

a. CRH and ACTH. CRH is a 41 amino acid
straight-chain peptide (6). It is secreted mainly by the me-
dian eminence. However, it has also been detected in the
cortical part of the brain. CRH binds with high affinity to
receptors located on the membrane of the corticotrophs of
the anterior pituitary. This in turn activates the formation
of cyclic AMP, which then activates a series of protein
kinases, resulting in increased transcription of the pro-
opiomelanocortin gene; appropriate processing of this
mRNA results in ACTH formation. ACTH has a half-life
in blood of a few minutes. Although the native hormone
has 39 amino acid residues, the first 1–24 amino-acid se-
quence has as much activity as the ACTH itself (7). Like
other peptide hormones, ACTH binds to specific mem-
brane receptors of the adrenocortical cells to increase the
formation of cyclic AMP and activation of various protein
kinases. The ACTH stimulation of cortisol secretion in-
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Figure 3 The placenta–fetal adrenal unit. The fetal adrenal can readily synthesize pregnenolone, 17-hydroxypregnenolone,
and 16-hydroxy-DHA. However, it has little or no 3�-HSD. The placenta, which is rich in this enzyme, transforms the fetal
steroids into progesterone, 17-hydroxyprogesterone, and estriol. In the next step, progesterone and 17-hydroxyprogesterone are
returned to the fetal adrenal, which can then synthesize aldosterone and cortisol. (From Ref. 1.)

cludes an acute and chronic phase (2). In the acute phase,
which takes only a few minutes, cholesterol is made avail-
able for steroidogenesis by activating the effect of an es-
terase on stored cholesterol esters. The more chronic
phase is related to a stimulation of transcription of the
various cytochrome P450 genes. A so-called steroidoge-
netic factor 1 (SF-1) appears to be responsible for this
stimulation (8). Of great interest is the recent finding that
SF-1 is also a transcription factor. Along with DAX-1, it
plays a major role in the formation of steroidogenic tis-
sues, specifically the adrenal glands and the gonads (9).

b. Mechanisms Regulating Cortisol Secretion.
Three physiological mechanisms play an important role in
the secretion of cortisol: pulsatile secretion and diurnal
variation, stress, and negative feedback.

Pulsatile secretion and diurnal variation in corti-
sol. The collection of blood samples at frequent intervals
has shown that cortisol is secreted in a pulsatile manner
(10). Previously (11) it was observed that the plasma con-
centration of cortisol showed a specific diurnal variation,
the highest peak taking place between 4 and 6 a.m. The
concentrations then tend to decrease for the rest of the
day, being at their lowest in the evening and during the
night (Fig. 4).

Stress. Surgical stress, such as trauma and tissue de-
struction; medical stress, such as acute illness, fever, and
hypoglycemia; and emotional stress related to psycholog-
ical upset result in most cases in an important increase in

cortisol secretion. How these various types of stress influ-
ence steroid output is not clear. However, studies of the
immune system have shown that leukocytes secrete a se-
ries of peptide hormones, the interleukins (12). Their for-
mation is markedly increased during stress, and two of
them, interleukin-1 and interleukin-6, have been shown to
stimulate CRH secretion and therefore to increase cortisol
secretion (13).

Negative feedback. Another important physiological
mechanism controlling cortisol secretion is negative feed-
back. Under normal conditions, there is equilibrium be-
tween the rate of secretion of ACTH and that of cortisol.
When the plasma concentration of cortisol increases mark-
edly, it has a negative effect on the secretion of CRH and
ACTH. By this mechanism, cortisol levels in blood reg-
ulate the rate of output of CRH and ACTH.

c. Cortisol Secretion Rate. In normal children of
various ages and in adult subjects, the rate of cortisol se-
cretion increases with body size (14). When the values are
corrected for body surface area, the rates are similar at
various ages; the average � standard deviation (SD) was
12 � 2 (Fig. 5) with a range of 8–16 mg/m2/24 h. How-
ever, the circadian variation of the clearance rate of cor-
tisol resulted in an overestimation. An appropriate correc-
tion gave a lower normal range of 6–14 mg/m2/24 h.
Using stable isotope dilution/mass spectometry Esteban et
al. (15) reported a cortisol secretion rate for 12 normal
subjects of 5.7 � 1.5 mg/m2/24 h. Kerrigan et al. (16),
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Figure 4 Diurnal variation of plasma cortisol in three nor-
mal adult subjects. Black areas represent periods of sleep.
(From Ref. 105.)

using deconvolution analysis, found a similar value in 18
normal male children.

2. Regulation of Aldosterone Secretion
Aldosterone is secreted by the cells of the zona glomer-
ulosa of the adrenal cortex. It is mainly under the control
of angiotensin II. As shown in Figure 6, the liver produces
a large protein, angiotensinogen, which is cleaved by a
proteolytic enzyme, renin, which is secreted by the jux-
taglomerular cells of the kidney. A converting enzyme
then transforms angiotensin I into angiotensin II.

Potassium concentration in plasma and ACTH also
play a role in the control of aldosterone secretion. The
effect of ACTH is an acute stimulation related to the rapid
increase in availability of cholesterol from the cholesterol
ester reserve (17). As shown in Figure 7, an intravenous
(IV) injection of ACTH very quickly raises plasma al-
dopchsterone levels, but after 60 min the levels tend to
decrease.

3. Regulation of Adrenal Androgen Secretion
Adrenal androgens are secreted in large amounts during
fetal life. Their production decreases rapidly after birth

and is not resumed until puberty. The factor that triggers
the pubertal secretion of adrenal androgens is not ACTH
because its levels are not different before and after pu-
berty. However, large amounts of ACTH given chronically
markedly increase the secretion of adrenal androgens. It
has been postulated that a pituitary peptide other than
ACTH but not yet characterized is responsible for this
stimulation, and it has been named adrenal androgen-stim-
ulating hormone (18).

C. General Metabolism

As shown in Figure 8, adrenal steroids are transported by
blood to reach their target tissues. The liver is one of the
target tissues as well as an important site for the catabo-
lism of the steroids. The main glucocorticoid is corti-
sol. Between 80 and 90% is bound to a specific glycosyl-
ated �-globulin known as corticosteroid-binding globulin
(CBG), also called transcortin (19). Transcortin has a very
high affinity for cortisol, but it can also bind progesterone,
prednisolone, and, with less affinity, aldosterone (20). An-
other 7% of the total circulating cortisol is loosely bound
to albumin, and 2–3% is not bound to protein. This un-
bound cortisol is the fraction of the total available to target
cells. In these cells, cortisol binds to a specific glucocor-
ticoid receptor. The receptor–steroid complex binds to the
glucocorticoid receptor elements located in the promoter
area of responsive genes. By activating the transcription
of such genes, glucocorticoids express their biological ac-
tivity.

The main mechanism of catabolism is a reduction of
the steroid molecule and eventually conjugation with glu-
curonic or sulfuric acid to make products that are water
soluble and readily excreted by the kidney as urinary me-
tabolites.

Although aldosterone can bind to CBG, most of the
binding sites of this protein are occupied by cortisol. For
this reason, aldosterone is physiologically mainly bound
to albumin. Its half-life in blood is 20–30 min, compared
with 60–80 min for cortisol. In target cells, aldosterone
binds to its own specific receptor, the mineralocorticoid
receptor. The mode of action of this steroid–receptor
complex is similar to that described for cortisol.

D. Tests of Adrenocortical Function

Many types of tests have been proposed for the determi-
nation of adrenocortical function. We outline here only
the tests considered important and practical for diagnostic
purposes.

1. Tests Related to Glucocorticoid Function

a. 8 a.m. Plasma Cortisol Concentrations. It is
necessary to obtain plasma levels of cortisol at a specific
time of the day (8 a.m.) because of the diurnal variation
discussed earlier. However, even this precaution may not
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Figure 5 Cortisol secretion rate in newborn infants, children and adults. The values have been corrected for body surface
area. The rates expressed in mg/m2/24 h, were fairly constant throughout life except in the first few days when they were
somewhat higher. (From Ref. 1.)

be sufficient because of the episodic secretion of the ste-
roid. In general, a single plasma value is of limited clinical
significance. There are conditions for which one must de-
termine the plasma concentrations of cortisone and corti-
costerone. Normally, their concentrations are approxi-
mately one-tenth that of cortisol at 8 a.m. Changes in the
ratios of these steroids to cortisol in a single blood sample
may therefore be indicative of a specific abnormality of
adrenal secretion.

b. Urinary 17-Hydroxycorticosteroids. About 30%
of secreted cortisol is excreted as urinary 17-hydroxycor-
ticosteroids (17-OHCS). For this reason, determination of
24 h urine excretion gives a good indication of the 24 h
cortisol secretion. Indeed, this test is of interest in ruling
out Cushing’s disease. In normal subjects, the mean � SD
urinary 17-OHCS is 2.5 � 1.0 mg/m2/24 h (14).

c. Urinary Free Cortisol. Approximately 0.25–
0.5% of secreted cortisol is excreted as cortisol itself. Be-
cause urinary free cortisol reflects the amount of unbound
cortisol available to target cells (ie, non-protein-bound
cortisol), this test is considered of greater biological im-
portance than that of urinary 17-OHCS. In our opinion,
however, both tests should be obtained in a single 24 h
urine specimen when screening for Cushing syndrome.

d. ACTH Test. At present, the standard technique
involves the IV bolus administration of 0.25 mg 1,24-
ACTH (Cortrosyn). Blood samples are obtained at 0, 60,
and 120 min after ACTH injection. As seen in Figure 7,
plasma cortisol increases to about 30 �g/dl (17).

A normal baseline and a normal increment by 120
min rule out primary adrenal insufficiency. This test is also
useful when determining the mineralocorticoid function of
the adrenals. Recent studies have shown that administra-
tion of a very low amount of ACTH (1 �g) may be more
sensitive than the standard 250 �g test in the detection of
dysfunction of the hypothalamopituitary–adrenal axis.
This would be particularly true in mild adrenal insuffi-
ciency, as can be seen in the case of pituitary disease or
with the use of inhaled steroids as reported by Mayen-
knecht et al. (21) and Nye et al. (22).

e. Metyrapone (Metopirone) Test. Given acutely,
Metopirone has the property of blocking 11�-hydroxyla-
tion. This results in decreased secretion of cortisol and
corticosterone with a decrease in negative feedback on the
hypothalamic–pituitary axis. As a consequence, there is
an increase in ACTH secretion with an increased secretion
of 11-deoxysteroid, specifically 11-deoxycortisol (com-
pound S), and 11-deoxycorticosterone. The present stan-
dardized test consists of the administration of a single oral
dose of Metopirone (300 mg/m2/per dose) at midnight and
measurement the next day at 8 a.m. of plasma 11-deoxy-
cortisol. If adrenocortical function is normal and if the
pituitary is capable of increasing its ACTH secretion, the
plasma concentration of 11-deoxycortisol rises to values
of 7–22 �g/dl (23).

There is the possibility that Metopirone may not be
available commercially in the near future. If this occurs,
the acute ACTH test described earlier can give similar
information.
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Figure 6 Control of aldosterone secretion. Angiotensinogen of hepatic origin is cleaved by renin from the kidney. The resulting
angiotensin I is further cleaved into angiotensin II, an 8 amino-acid peptide that has properties of vasoconstriction on vessels
and of activating secretion of aldosterone by the cells of the glomerulosa. (From Ref. 1.)

f. Dexamethasone Suppression Test. Dexametha-
sone is a potent glucocorticoid that, given in small
amounts, suppresses ACTH secretion and secondarily de-
creases cortisol secretion. The suppressing effects of the
test are measured by the determination of either plasma
ACTH and cortisol or urinary excretion of free cortisol
and total 17-OHCS. In the low-dose or single-dexametha-
sone suppression test, 1.25 mg dexamethasone/m2/24 h is

administered for 2 days. In the high-dose or triple-dexa-
methasone suppression test, 3.75 mg dexamethasone/m2/
24 h is administered for an additional 2 days.

g. The CRH Test. Following the IV administration
of CRH (100 �g/dose), there is a moderate but significant
increase in both plasma cortisol and ACTH, the maximum
response being about 60 min after injection. In Cushing’s
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Figure 7 Effects of 1,24-ACTH on the plasma concentra-
tion of cortisol and aldosterone in 16 normal subjects. (From
Ref. 15.)

Figure 8 General metabolism of adrenal steroids. In the
blood circulation, the steroids are mainly bound to specific
proteins. The small unbound fraction is available to target
tissues where the steroids express their biological effects. At
the same time, steroids are metabolized and conjugated by
the liver. The conjugates are returned to the circulation and
excreted in bile by the kidney as urinary metabolites. (From
Ref. 1.)

disease, there is a greatly exaggerated response of both
plasma cortisol and ACTH, whereas in ectopic ACTH
syndrome there is no change, as shown in Figure 9 (24).

2. Tests Related to Mineralocorticoid Secretion

a. Plasma Aldosterone and 11-Deoxycorticosterone.
Concentrations of plasma aldosterone are quite variable,
changing rapidly in relation to body posture, the standing
values being greater than those while supine (17). Plasma
concentrations of aldosterone are also influenced by
chronic changes in sodium intake, the concentration being
15–30 ng/dl on a low-sodium diet (less than 17 mEq/24
h) and 2–12 ng/dl on a normal-sodium diet (150–200
mEq/24 h in adults).

The plasma concentrations of DOC, like those of al-
dosterone, tend to be higher in early infancy (from 8 to 5
ng/dl) than later in childhood (5–10 ng/dl), as reported
by Lashansky et al. (25).

As shown in Figure 7, ACTH acutely increases al-
dosterone concentration. There is also a three- to fivefold
increase in DOC.

b. Urinary Excretion of Aldosterone and DOC. A
small fraction of secreted aldosterone is excreted as a 21-
oxoglucuronide conjugate. Following hydrolysis at pH
1.0, aldosterone is freed and is measured by radioimmu-
noassay. Under normal sodium intake, the values are 3–
10 �g/24 h and, on a low-sodium diet, they are 20–50
�g/24 h.

III. HYPOADRENOCORTICISM

Adrenal insufficiency can be caused by an abnormality of
the adrenal glands (primary adrenocortical insufficiency)
or by a decreased secretion of hypothalamic CRH and
pituitary ACTH (hypoadrenocorticism secondary to defi-
cient CRH and/or ACTH secretion). In rare cases the in-
sufficiency is related to an inability of the target organs
to respond to adrenal steroids (hypoadrenocorticism re-
lated to end-organ unresponsiveness). The classification of
these various disorders is outlined in Table 2.

IV. HYPOADRENOCORTICISM: PRIMARY
ADRENOCORTICAL INSUFFICIENCY

There are many causes of primary adrenal insufficiency
(Table 2). In some cases, there has been a lack of differ-
entiation of the glands (congenital adrenal aplasia) or in-
appropriate development (X-linked adrenal hypoplasia).
In other cases, a mutation of the ACTH receptor on the
membrane of the adrenocortical cells does not permit ade-
quate stimulation of adrenal secretion (adrenocortical un-
responsiveness to ACTH). Another group of abnormalities
involves a mutation of one of the enzymes necessary for
steroid biosynthesis (congenital adrenal hyperplasia, ad-
renoleukodystrophy, acid lipase deficiency, steroid sulfa-
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Figure 9 The CRH stimulation test. The figure shows the response of plasma cortisol and ACTH to IV administration of 100
�g CRH (a) in adult controls and in patients with Cushing’s disease and (b) in patients with Cushing’s due to ectopic ACTH.
(From Ref. 20.)

tase deficiency, and mineralocorticoid deficiency). Finally,
there can be postnatal destruction of the adrenal cortex,
either acute (adrenal hemorrhage) or chronic (Addison’s
disease).

A. Congenital Adrenal Aplasia

This is believed to be caused by a developmental disorder
of the adrenal anlage during fetal life. Symptoms occur
shortly after birth and are characterized by acute shock
with tachycardia, hyperpyrexia, cyanosis, and rapid res-
piration. Untreated, it evolves to total vascular collapse
and death. The symptoms of congenital adrenal aplasia
are similar to those present in other conditions, such as
septicemia and intracranial hemorrhage. The rapid evo-
lution of adrenal aplasia to death is the reason it is often
diagnosed at autopsy.

B. X-Linked Adrenal Hypoplasia Congenita

Among families presenting multiple cases of adrenal in-
sufficiency, several suggested the possibility of an X-

linked trait. In 1980, Guggenheim et al. (26) reported an
association of glycerol kinase deficiency (GKD) with
Duchenne muscular dystrophy (DMD) and adrenal hy-
poplasia congenita (AHC). Later, these disorders were re-
ported to be associated with Xp21 interstitial deletion
(27).

1. Pathophysiology
The deletions of the X chromosome associated with
AHC, GKD, and DMD have permitted mapping the
locus of these three disorders, as well as the locus of
chronic granulomatous disease, retinitis pigmentosa, and
ornithine transcarbamylase deficiency, the last being the
closest to the centromere, and AHC being the closest to
the end of Xp (28). However, it is not clear how the
deletion of the AHC locus results in hypoplastic adre-
nals. The adrenal cortex in patients studied at autopsy
shows a small number of large adrenocortical cells,
hence the name cytomegalic adrenal hypoplasia given by
pathologists.
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Table 2 Classification of Syndromes of
Hypoadrenocorticism

Primary adrenocortical insufficiency
Congenital adrenal aplasia
X-linked adrenal hypoplasia
Adrenocortical unresponsiveness to ACTH (deficient

ACTH receptor)
Congenital adrenal hyperplasia (CAH)
Adrenoleukodystrophy/adrenomyeloneuropathy
Wolman disease (acid lipase deficiency)
Steroid sulfatase deficiency (X-linked ichthyosis)
Mineralocorticoid CMOI or CMOII (CYP11B2)

deficiency
Adrenal hemorrhage of the newborn
Adrenal hemorrhage of acute infection
Chronic hypoadrenocorticism (Addison’s disease)

Secondary to deficiency CRH and/or ACTH secretion
Hypopituitarism
Cessation of glucocorticoid therapy
Removal of a unilateral cortisol-producing tumor
Infants born to steroid-treated mothers
Respiratory distress syndrome
Anencephaly

Related to end-organ unresponsiveness
Cortisol resistance (deficient glucocorticoid receptor)
Aldosterone resistance (deficient mineralocorticoid

receptor)

2. Clinical Manifestations and Mapping of Xp2l
AHC appears early in infancy with signs of acute adrenal
insufficiency. However, the signs may occur later in child-
hood and be somewhat milder. Growth failure with short
stature is often observed. In AHC caused by a deletion
involving other genetic loci, such as GKD and DMD,
signs of glycerol kinase deficiency and myopathy are also
present.

In a series of patients presenting with the association
of AHC, GKD, and DMD, mental retardation was re-
ported in most of the cases, suggesting the existence of a
contiguous locus involved in mental function (29). How-
ever, it must be considered that subjects with adrenal in-
sufficiency may have intrinsic reasons for mental retar-
dation in relation to hypoglycemic episodes and abnormal
electrolyte imbalance. It is believed that the gene locus of
adrenal hypoplasia congenita is the DAX-1 gene (30). As
previously noted, DAX-1 plays a major role in the differ-
entiation of fetal cells into both adrenal glands and go-
nads. In addition, it is necessary for the formation of the
hypothalamus, in cooperation with the SF-1 transcription
factor. This explains why abnormalities of the DAX-1
gene result in hypogonadotropic hypogonadism (HH) in
addition to AHC. Finally, it is of interest to note that a
duplication of DAX-1 locus results in testicular abnor-
malities in 46, XY subjects (31). This is related to the

complex relationships of DAX-1 with the SRY and SF-1
proteins during male sex differentiation.

3. Laboratory
Hormonal and electrolyte studies are characteristic of ad-
renocortical insufficiency: low basal cortisol and aldoste-
rone levels responding poorly to an ACTH test, elevated
ACTH concentrations, and hyponatremic, hyperkalemic
acidosis. GKD association is demonstrated by elevated se-
rum and urine glycerol levels. Because glycerol is mea-
sured in the triglyceride assay, there is pseudohypertri-
glyceridemia. Muscle biopsy showing elevated serum
creatine kinase confirms Duchenne muscular dystrophy.
Results of a luteinizing hormone-releasing hormone
(LHRH) test helps in determining hypogonadotropic hy-
pogonadism (32).

4. Genetics
The clinical abnormalities of AHC and associated disor-
ders in patients with Xp2ldel most probably demonstrate
a relation of cause to effects between the chromosomal
deletion and the specific symptoms.

All cases of AHC, GKD, and DMD associated with
an X deletion occurred in male subjects, suggesting X-
linked recessive traits. Unaffected mothers of patients
have been shown to be heterozygous for the deletion Xp2i
del (27). However, one case in a female patient has been
reported (29).

5. Treatment
Steroid replacement for both glucocorticoids and miner-
alocorticoids is necessary. If GKD is present, appropriate
therapy must be given. Unfortunately, Duchenne muscular
dystrophy is not treatable at this time.

C. Adrenocortical Unresponsiveness to
ACTH (Deficient ACTH Receptor)

1. Pathogenesis
This disorder is caused by an inability of the adrenal cells
of the zona fasciculata and reticularis to respond to
ACTH. The lack of ACTH response is caused by a genetic
abnormality of the ACTH receptor (33).

2. Clinical Manifestations
It is characterized by feeding problems in early life, fail-
ure to thrive, hypoglycemia, and hyperpigmentation of the
skin (34). In some cases, the symptoms seem to occur
later in infancy, perhaps because the frequent feedings of
the neonatal period prevented major hypoglycemic epi-
sodes.

3. Laboratory
As already noted, glucose levels are quite low but there
is no electrolyte abnormality. During a hypoglycemic ep-
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isode, a blood sample demonstrates high growth hormone
and low insulin concentrations with low cortisol levels.
ACTH measurement shows elevated values, even when
cortisol values are low.

4. Genetics
Recently the gene for the ACTH receptor was isolated and
sequenced (35). The coding sequence does not contain
an intron. The product of this gene is a 297 amino acid
protein with seven transmembranic domains, a cytosolic
COOH terminus that can react with a G protein to activate
adenyl cyclase activity, and an extracellular NH 2 termi-
nus with two possible glycosylation sites.

The disorder is an autosomal recessive trait. In one
family, both parents were heterozygous for the same mu-
tation, the proband being hemozygous for this mutation
(36), whereas in another family the parents had different
mutations, the patient being an allelic compound (37). A
postreceptor mutation has also been reported (38).

5. Treatment
Patients require only glucocorticoid replacement therapy,
the mineralocorticoid function being normal.

6. Other Disorders
Although more than 30 cases of adrenocortical unrespon-
siveness to ACTH have been reported in the literature, it
is probable that some of these patients presented with a
different disorder. Some patients who presented with neu-
rological symptoms (39) probably had unrecognized cases
of adrenoleukodystrophy. Other patients presented with
sodium loss (40). Several cases of an association of ad-
renal insufficiency, achalasia, and alacrima (triple A syn-
drome) have been reported (41, 42). This syndrome usu-
ally appears in the first decade of life, a severe
hypoglycemia being often the early sign. Aldosterone de-
ficiency is associated to cortisol deficiency in only 10–
15% of cases. Some patients present only two of the triad
signs, but in some cases multiple additional abnormalities
have been observed. The triple A syndrome is an auto-
somal recessive trait and its locus is on chromosomes
12q13 (43).

D. Congenital Adrenal Hyperplasia

There are five major forms of congenital adrenal hyper-
plasia (CAH), each caused by a mutation of one of the
five enzymes required for the biosynthesis of cortisol. In
each of these forms, the decrease in cortisol secretion re-
sults in a decrease in negative feedback at the level of the
hypothalamus–pituitary (1, 2). The resulting increase in
ACTH output attempts to return the cortisol secretion to
normal if the mutation permits some degree of enzymatic
activity. At the same time, the increased ACTH secretion
results in a markedly elevated production of the cortisol
precursors before the mutant block.

The five forms of CAH are 21-hydroxylase deficiency
(salt-losing form, simple virilizing form, and attenuated
form), 11�-hydroxylase deficiency related to a mutation
of CYP11B1, 17-hydroxylase deficiency (hypertensive
form) related to CYP17, 3�-HSD deficiency, and lipoid
adrenal hyperplasia related to a mutation of CYP11A.
These disorders arediscussed in a separate chapter of this
book.

E. Adrenoleukodystrophy and
Adrenomyeloneuropathy

These two disorders have also been called diffused cere-
bral sclerosis associated with adrenal insufficiency.

1. Pathophysiology
Also known as Siemerling-Creutzfeldt or Schilder’s dis-
ease, the basic biochemical abnormality is an elevation in
plasma and various tissues of the concentration of the
very-long-chain fatty acids (VLCFA), C24, C25, and C26.
They probably accumulate because of a defect in their
normal breakdown in cellular organelles known as per-
oxisomes. On pathological examination, the adrenal cor-
tex at first shows cytoplasmic striations containing cho-
lesterol esterified with VLCFA. Later the adrenal cells
appear to be filled with the abnormal cholesterol esters,
and in the final stage the cells tend to atrophy and die
(44).

2. Clinical Manifestations
This is a progressive disease of the brain that manifests
in its early stage by mild symptoms, such as unusual be-
havior, a mild decrease in visual acuity, and a loss of
muscle strength in some limbs. Over a period of a few
years, the symptoms progress to dementia, blindness, and
quadriparesis, and end in death. At various times during
this degenerative process, symptoms of adrenal insuffi-
ciency may occur, involving both cortisol and aldosterone
function.

3. Genetics
The locus of adrenoleukodystrophy maps to the long arm
of the X chromosome (Xq28) (45, 46). Because of the
location of the gene on the X chromosome, the disorder
is expressed only in male subjects. Recently the adreno-
leukodystrophy (ALD) gene was identified (47). It en-
codes a 745 amino acid protein that includes six mem-
brane-spanning segments and an ATP-binding domain.
The role of the ALD protein may be to transport the
VLCFA-COA synthetase. Different mutations have been
reported in different families, including six detectable de-
letions, nine point mutations, three frameshift mutations,
and one splicing mutation (48).
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4. Various Clinical Forms
Most commonly, the symptoms of adrenoleukodystrophy
appear at around 7 years of age. In such patients the neu-
rological deterioration is somewhat rapid, leading to a
bedridden state in 2–3 years. There is also a group of
boys in whom the illness appears between 12 and 20 years
of age: in these subjects, the neurological deterioration is
usually slower. Finally, the neurological symptoms may
occur after 21 years of age (49). This form of the disorder
is called adrenomyeloneuropathy (AMN) because the neu-
rological manifestations involve the peripheral nerves
rather than the brain. However, some patients with AMN
may have early symptoms of mild adrenal insufficiency.
These men also present with primary gonadal failure (50).
It must also be noted that some cases present with either
only neurological manifestations or only addisonian
symptoms. A few subjects with the biochemical abnor-
mality of ALD present no clinical features of the disorder,
at least for a long period of time. All the forms mentioned
earlier are considered allelic and are all X-linked recessive
traits. Except in the rare cases of de novo mutation, the
mothers of ALD patients are obligate heterozygotes.
These women are free of symptoms, but some may pre-
sent with neurological abnormalities late in life, usually
between 40 and 50 years of age.

5. Autosomal Recessive Forms
Whereas ALD is an X-linked trait, there are also autoso-
mal recessive forms that express themselves in the neo-
natal period. The biochemical defect appears to be similar
to that seen in X-linked ALD, but the symptoms of ad-
renal insufficiency and central nervous system manifes-
tation are more acute. The neonatal ALD is caused by a
marked decrease in peroxisomes, in contrast to X-linked
ALD, which presents with a normal number of peroxi-
somes. In Zellweger syndrome (cerebrohepatorenal form),
the peroxisomes are almost completely absent. Normal
peroxisomes are seen in pseudoneonatal ALD, and such a
case has been reported to present with a deletion of the
peroxisomal acyl-CoA oxidase gene (51).

The treatment of ALD has been very disappointing.
Efforts have been made to change the diet by decreasing
the amount of very-long-chain fatty acids. There have also
been attempts at supplementation with glycerol trioleate
oil as well as addition of glycerol trierucate oil. Although
such drugs appear to improve the condition temporarily,
the amelioration is not sustained. Attempts have also been
made to treat by bone marrow transplantation but without
clear success.

F. Wolman Disease (Acid Lipase Deficiency)

Wolman disease is caused by a deficiency of lysosomal
acid lipase (52). This enzyme is an esterase that hydro-
lyzes cholesterol esters and triglycerides. In such patients
the normal esterified lipids accumulate in various cells. It

is also called generalized xanthomatosis with calcified ad-
renals. Symptoms occur in the first month of life as failure
to thrive, anemia, hepatomegaly, and splenomegaly. There
is also vomiting and diarrhea as well as jaundice. Shortly
thereafter, one can notice the calcified, enlarged adrenal
gland and decreased cortisol secretion. The locus for ly-
sosomal acid lipase deficiency has been mapped to chro-
mosome 10 (53). This is an autosomal recessive trait.
There is no treatment for this extremely rare disorder,
which ends in death rapidly.

G. Steroid Sulfatase Deficiency
(X-Linked Ichthyosis)

A deficiency of steroid sulfatase results in the accumula-
tion of sulfated products, such as 3,�-hydroxysteroids
(particularly DHA-S) and cholesterol sulfate. The ichthy-
osis is thought to be related to the accumulation in the
skin of a large amount of cholesterol sulfate (54). This
syndrome is not an adrenocortical insufficiency because
cortisol and aldosterone secretion is normal. The normal
fetus has low steroid sulfatase activity and relies on the
placenta to accomplish this function. Because the placenta
is made of maternal cells and at least one of the maternal
X chromosomes is normal, the steroid sulfatase activity is
adequate during pregnancy.

The steroid sulfatase gene has been mapped to the X
chromosome (Xp22.3) near the pseudoautosomal region
of the terminal part of the short arm. Large deletions of
the X chromosome in the area of the steroid sulfatase gene
have been associated with hypogonadotropic hypogonad-
ism and anosmia (Kallmann’s syndrome).

H. Mineralocorticoid Deficiency Caused by
Mutations of CYP11B2 Gene

As previously discussed, the cytochrome P450 encoded
by the CYP11B2 gene is capable of making the conver-
sion of DOC to aldosterone by a series of three enzymatic
steps: addition of the 11�-hydroxyl group to form corti-
costerone, 18-hydroxylation (also called corticosterone
methyloxidase type I) to form 18-hydroxycorticosterone,
and 18-dehydrogenation (also called corticosterone meth-
yloxidase type II) to form aldosterone. Although the same
enzyme appears to be involved, two types of aldosterone
deficiency, 18-hydroxylase and 18-dehydrogenase, have
been reported in the literature.

1. 18�-Hydroxylase Deficiency
These patients present with a general failure to thrive re-
lated to mild salt wasting. Laboratory studies show de-
creased aldosterone and 18-hydroxycorticosterone with a
concomitantly elevated secretion of corticosterone and
DOC (55, 56). Mineralocorticoid replacement therapy re-
sults in the resumption of normal growth in infancy and
early childhood. Later in life, treatment becomes unnec-
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Table 3 Signs and Symptoms of Adrenal
Insufficiency

Glucocorticoid deficiency
Fasting hypoglycemia
Increased insulin sensitivity
Decreased gastric acidity
Gastrointestinal symptoms (nausea, vomiting)
Fatigue

Mineralocorticoid deficiency
Muscle weakness
Weight loss
Fatigue
Nausea, vomiting, anorexia
Salt craving
Hypotension
Hyperkalemia, hyponatremia, acidosis

Adrenal androgen deficiency
Decreased pubic and axillary hair
Decreased libido

Increased �-lipotropin levels
Hyperpigmentation

essary. Only a few patients have been reported with this
disorder.

2. 18-Dehydrogenase Deficiency
The onset of this disorder is also in infancy or early child-
hood. It is characterized by a failure to thrive and symp-
toms of mineralocorticoid deficiency, including hypona-
tremia, hyperkalemia, and acidosis. However, these
patients rarely present in acute adrenal crisis. This is prob-
ably because some of the precursors of aldosterone that
have some sodium-retaining activity are produced in in-
creased amount. Hormonal study shows an increase in
plasma renin activity as well as an increase in DOC, cor-
ticosterone, and 18-hydroxycorticosterone, along with low
aldosterone (57). It is of interest that these patients present
with an increased excretion of urinary 17-OHCS; this is
because the urinary metabolites of 18-hydroxycortico-
sterone give the Porter-Silber reaction (58). A very large
Iranian Jewish pedigree has been reported with this salt-
wasting disorder (59, 60). Recently, mutations in the
CYP11B2 gene were reported by Pascoe et al. (61). Treat-
ment consists of mineralocorticoid replacement therapy. It
is of interest to note that later in life many of these pa-
tients have successfully withdrawn from treatment.

I. Adrenal Hemorrhage of the Newborn

Adrenal hemorrhage occurs more often after prolonged
labor and a traumatic delivery, usually of a large male
infant. The normal adrenal has a rich network of small
vessels between the capsule and the cortex. This is the
site of bleeding in adrenal hemorrhage.

Children with massive bilateral adrenal hemorrhage
appear in acute shock caused by adrenal insufficiency and
incipient blood loss. On the other hand, if the hemorrhage
is unilateral, there are usually no adrenal symptoms. The
typical laboratory finding is hypoglycemia with hypona-
tremic, hyperkalemic acidosis. On physical examination a
mass can be felt in the flanks. Sonography reveals a mass
that tends to displace the kidney downward (62). Residual
calcification may be visible on x-ray of the abdomen 3–
6 weeks after the bleeding occurred and as the hemor-
rhage resolves. With time, the calcifications themselves
disappear. The differential diagnosis includes renal vein
thrombosis. An ACTH test is useful in differentiating this
condition from bilateral adrenal hemorrhage.

J. Adrenal Hemorrhage of Acute Infection

An adrenal crisis may occur during an acute infection,
such as fulminating meningococcemia, pneumococcal,
streptococcal, Haemophilus, and diphtheria infections.
The acute adrenal insufficiency occurring with meningo-
coccemia has also been called Waterhouse-Friderichsen
syndrome. The subcapsular hemorrhage is thought to be
related to the effects of arterioantitoxin.

Such an acute adrenal crisis occurring at the time of
a fulminating infection has an extremely poor prognosis.
It is clear that rapid and energetic treatment of the infec-
tion, as well as therapy with adrenal steroids in stress
doses (IV Solucortef), is necessary.

V. ADDISON’S DISEASE (CHRONIC
HYPOADRENOCORTICISM)

In the days of Thomas Addison, tuberculosis was the most
common pathogenesis of this condition. Other infections
have been reported, such as fungal infections (histoplas-
mosis and coccidiomycosis). Recently, it was also re-
ported associated with human immunodeficiency virus in-
fection (63). At present, the most important mechanism of
destruction of the adrenals is an autoimmune disorder
(64). Addison’s disease is much less frequent in children
than in adult subjects. The clinical features are directly
related to the decreased production of adrenal steroids. All
or some of the symptoms of adrenal insufficiency outlined
in Table 3 may appear. Initially, there is usually general
fatigue, muscle pain, weight loss, gastrointestinal symp-
toms, and hypotension related to salt loss. An acute ad-
renal crisis may occur at the time of a minor infection or
febrile illness. The skin hyperpigmentation is distributed
mainly in pressure areas (axillae and groin), as well as in
the buccal and vaginal mucosa, the creases of the hand,
and the nipples. This hyperpigmentation is related to the
increased pituitary secretion of �-lipotropin, which occurs
concomitantly with the increased ACTH secretion.

Depending on the cause of Addison’s disease, some
other specific symptoms can be expected. In cases involv-
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Table 4 Maintenance and Stress Dosage of
Glucocorticoid and Mineralocorticoid in Treatment of
Adrenal Insufficiency

Therapy
Maintenance mean

(range) Stress

Glucocorticoid replacement
(mg/m2/24 h)

Oral cortisol
(one-third dose every 8 h)

20 (12–24) 60

Oral cortisone acetate
(one-third dose every 8 h)

25 (15–30) 75

Oral prednisolone
(one-half dose every 12 h)

3 (2–4) 9

Oral prednisone
(one-half dose every 12 h)

3.5 (2–4) 10

Mineralocorticoid replacement
(mg/day)

Oral fludrocortisone acetate
(Florinef )

0.1 (0.05–0.125) 0.1

ing an infectious agent, there are also signs of this infec-
tion in other sites. If the cause is an autoimmune syn-
drome, one usually finds positive adrenal antibodies. In
this latter case, the pathology is a progressive lymphocytic
infiltration of the adrenal cortex. In such cases, Addison’s
disease is often associated with other autoimmune disor-
ders, resulting in a polyglandular syndrome (64). Two
types of autoimmune disease associations have been de-
scribed. Type I includes mucocutaneous candidiasis, hy-
poparathyroidism, and Addison’s disease. In addition, one
can also observe pernicious anemia, alopecia, vitiligo, and
chronic progressive hepatitis. In type II the association
includes Addison’s disease and chronic lymphocytic thy-
roiditis. This association has also been called Schmidt’s
syndrome. If insulin-dependent diabetes also occurs, it is
then called Carpenter syndrome. The diagnosis of Addi-
son’s disease is made based on the demonstration of a low
cortisol concentration in plasma concomitantly with ele-
vated ACTH levels. Early in the development of the dis-
order, the cortisol levels may be normal because of ad-
renal hyperstimulation by high levels of ACTH. The short
ACTH test described earlier shows a low or normal cor-
tisol baseline but no increase on ACTH stimulation. Be-
cause of the consequences of establishing a diagnosis of
Addison’s disease, we usually advise also carrying out an
intramuscular (IM) ACTH test (25 mg/m2 every 8 h for
2–3 days). Urine samples are collected before and on the
third day of stimulation for the determination of urinary
17-OHCS and free cortisol.

The typical treatment is replacement of the missing
hormone, specifically glucocorticoids and mineralocorti-
coids. In children, the glucocorticoids are replaced by oral
cortisol or prednisone (see Table 4), whereas mineralo-
corticoids are replaced with Florinef (fludrocortisone). In

adolescent and adult women, the lack of adrenal andro-
gens may need to be compensated for by administration
of a mild androgenic preparation to improve the libido
and the growth of pubic hair.

VI. HYPOADRENOCORTICISM
SECONDARY TO DEFICIENT CRH
AND/OR ACTH SECRETION

Unless there is an organic abnormality of the hypothala-
mus or the anterior pituitary, it is often difficult to deter-
mine whether a deficient ACTH secretion is related to a
deficient output of CRH.

A. Hypopituitarism

Hypopituitarism is characterized by a deficient secretion
of one, some, or all pituitary hormones (65). In infancy
and childhood the main deficiencies are those of growth
hormone, thyroid-stimulating hormone, and ACTH. A de-
ficiency of gonadotropins and prolactin is detected only
at puberty. In this chapter we consider ACTH deficiency.

1. Pathophysiology
Various congenital malformations of the brain, particu-
larly midline defects, can result in a deficiency of secre-
tion of hypothalamic hormones, including CRH. The most
frequently recognized malformation is the septo-optic dys-
plasia as originally described by de Morsier. This condi-
tion includes agenesis of the septum pellucidum, hypo-
plasia or aplasia of optic nerves and chiasma resulting in
various degrees of visual impairment, and abnormality of
the hypothalamus causing secondary hypopituitarism. The
midline defects may be mild, with partial hypopituitarism
and no eye disorder. It may also be extensive and asso-
ciated with cleft palate and cleft lip. An absence of go-
nadotropin secretion during fetal life may result in micro-
penis in male infants. Congenital malformation of the
pituitary gland can also occur and may be the cause of
empty sella turcica. Head trauma either at delivery or later
in life may result in hemorrhage in the area of the hy-
pothalamus or pituitary gland. This in turn may cause hy-
popituitarism with ACTH deficiency. Disorders that result
in the destruction of normal tissues (hemochromatosis,
sarcoidosis, and histiocytosis) can cause hypothalamic
and/or pituitary dysfunction. A similar situation can occur
following various types of infections, such as meningitis
or encephalitis. Tumors arising in the sella (craniophar-
yngioma) or the hypothalamus likewise result in hypopi-
tuitarism. Radiation of a brain tumor may have the same
effect. In some patients, no specific cause for the hypo-
pituitarism can be detected. Such cases can involve sev-
eral hormones of the anterior pituitary (idiopathic pan-
hypopituitarism) or, on rare occasions, only ACTH
secretion (idiopathic isolated ACTH deficiency).
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2. Clinical Manifestations
The congenital malformations described earlier can be
manifested by hypoglycemia if ACTH and cortisol secre-
tion are deficient. The hypoglycemia may be more marked
if there is concomitant growth hormone secretion defi-
ciency. Persistent hypoglycemia in a newborn requires the
collection of a blood sample for the determination of true
glucose, cortisol, growth hormone, and insulin concentra-
tions. In hypopituitarism the concentration of all these
hormones is very low. In contrast, in nesidioblastosis, the
concentration of insulin, growth hormone, and cortisol is
markedly elevated concomitantly with low glucose levels.
When the diagnosis of hypopituitarism is established,
magnetic resonance imaging (MRI) of the head may show
some of the characteristics of septo-optic dysplasia or
other brain malformation or injury. In head trauma, the
MRI shows evidence of hemorrhage. Brain tumors can
also be visualized by MRI studies. Various degrees of im-
pairment of mental development can be present, particu-
larly in hypopituitarism secondary to meningitis or en-
cephalitis. Because hypopituitarism can involve various
combinations of tropic hormones, the clinical manifesta-
tions in childhood may include symptoms of growth hor-
mone deficiency and hypothyroidism.

Aldosterone secretion is controlled by the renin–an-
giotensin system, so that there are usually no electrolyte
or water abnormalities in hypopituitarism. When a de-
structive process has taken place, however, there can be
involvement of the neuronal cells that secrete antidiuretic
hormone (ADH), resulting in a disturbance of electrolytes
and water balance characteristic of diabetes insipidus. In
addition, following neurosurgery, inappropriate ADH se-
cretion can occur that results in electrolyte abnormalities.

By definition, patients with idiopathic isolated ACTH
deficiency have normal thyroid function as well as normal
growth and normal sexual maturation at puberty (66). Be-
cause females rely on adrenal androgens for the devel-
opment of pubic hair at puberty, women with idiopathic
isolated ACTH deficiency present with scant pubic hair.

3. Laboratory Diagnosis
It is expected that a decreased cortisol secretion would
result in hypoglycemia. Indeed, hypoglycemia is marked
in patients who have a combined deficiency of ACTH and
growth hormone but is usually mild in the absence of
growth hormone deficiency. A low cortisol concentration
in an 8 a.m. blood sample may be observed, but values
are often low–normal to normal.

A single oral dose of Metopirone (metyrapone) given
at midnight and an 8 a.m. plasma sample obtained the
next morning show a decreased response of plasma 11-
deoxycortisol (compound S) in subjects with ACTH de-
ficiency. However, most subjects can respond to the
marked stress resulting from the administration of IV Me-
topirone or IV pyrogen (67, 68). When reviewing a large
group of patients with hypopituitarism, Brasel et al. (69)

found that about 50% of the patients had normal adren-
ocortical function; most of the others had normal basal
cortisol but a poor response to the regular Metopirone test.
Among the latter subjects, only those who had an organic
lesion could not respond to the IV Metopirone test. The
1 �g ACTH test is particularly helpful in detecting the
mild adrenal insufficiency characteristic of panhypopitui-
tarism. Finally, in hypopituitarism, it is important to check
the function of all pituitary hormones.

4. Treatment
Treatment consists of appropriate replacement of the de-
ficient hormones. If basal cortisol levels are abnormally
low, maintenance as well as stress therapy is required.
When basal levels are normal but the oral Metopirone test
is inappropriate, then stress therapy only is needed. In
addition, patients who have thyroid-stimulating hormone
and/or growth hormone deficiency need appropriate re-
placement. Finally, in ADH deficiency, treatment with in-
tranasal desmopressin (DDAVP) is necessary.

B. Cessation of Glucocorticoid Therapy

It is well established that the administration of glucocor-
ticoids suppresses the secretion of CRH by the hypothal-
amus and of ACTH by the pituitary gland, resulting in
secondary adrenal cortex atrophy. When the dosage is less
than the replacement level, however, for whatever period
of time, or if the dosage is greater than replacement but
for a duration of less than 4 weeks, no adrenocortical at-
rophy is expected. By contrast, if the dosage is greater
than replacement and the duration of treatment is greater
than 4 weeks, suppression is expected. Experience has
shown that recovery occurs within 6 weeks in about half
of patients and within 6 months in all subjects (70).

1. Clinical Features
Hypoglycemia may be observed in some patients. Growth
delay is mainly related to the duration of glucocorticoid
therapy rather than its cessation (65). The greatest prob-
lem may occur at the time of a major medical or surgical
stress.

2. Laboratory Tests
A Metopirone test is necessary to determine whether the
patient has recovered normal adrenocortical function. As
mentioned for hypopituitarism, a 1 �g ACTH test is sim-
pler and as informative.

3. Treatment
Clearly there is no need for treatment in subjects who
have been treated for less than 4 weeks or for those who
have received less than replacement therapy for any pe-
riod of time. For other patients, treatment is required only
at times of stress using a dosage equivalent to two to four
times replacement and only for the period of stress. Be-
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cause more than 90% of subjects recover adrenocortical
function after 6 months of cessation of therapy, additional
stress doses of steroid are not required after this period of
time.

C. Removal of a Unilateral Adrenal Tumor

Tumors that produce excessive amounts of cortisol usually
secrete steroids independently of ACTH stimulation. For
this reason, such a subject usually presents with sup-
pressed CRH/ACTH secretion and an atrophic contralat-
eral adrenal. During the surgical removal of such tumors,
the patient should receive stress dosages of glucocorti-
coids. After surgery, the dosage should be decreased pro-
gressively and the patient should then be considered as
are those discussed earlier for cessation of glucocorticoid
therapy.

D. Infants Born to Mothers Treated
with Glucocorticoids

Cortisol administered during pregnancy can cross the pla-
centa, but the fetal concentration is only about 10% of
maternal levels. This is in part because the placenta is rich
in the enzyme that transforms cortisol into cortisone. This
same enzyme transforms prednisolone into prednisone.
Experience has shown that pregnant women treated with
prednisone at a dosage of two to five times replacement
therapy gave birth to infants whose cortisol secretion rate
was normal shortly after birth (71). Nevertheless, such
infants should be evaluated for the possible development
of hypoglycemia. Because of the physiology of the control
of aldosterone secretion, no electrolyte abnormality is ex-
pected in infants born of mothers treated with glucocor-
ticoids. In contrast to cortisol or prednisone, dexametha-
sone readily crosses from the mother to the fetus and is
used for fetal therapy.

E. Respiratory Distress Syndrome

There are some differences of opinion on the optimal use
of surfactant and glucocorticoids in the treatment of re-
spiratory distress syndrome (RDS). If steroids are used,
dexamethasone is the choice because it readily crosses the
placenta. Therapy may be continued for a period of time
in the neonatal period and may therefore result in sup-
pressed adrenocortical function when treatment is stopped
(72). In such cases, therapy might be needed at times of
stress.

F. Anencephaly

Adrenal glands are very small in patients with anenceph-
aly, probably secondary to the absence of pituitary tissue,
leading to adrenal insufficiency.

VII. HYPOADRENOCORTICISM
SECONDARY TO END-ORGAN
UNRESPONSIVENESS

Cortisol and aldosterone, like all other steroids, express
their effects by binding to a protein specific for each ste-
roid, called a receptor. Receptor abnormalities can cause
steroid resistance.

A. Cortisol Resistance

This is a rare disorder that has been discovered in a small
number of families (73, 74). In all cases the resistance
appeared partial: none of the affected subjects completely
lacked glucocorticoid activity. The main laboratory char-
acteristics of cortisol resistance are markedly increased
plasma concentrations of cortisol and ACTH, as well as
elevated excretion of urinary free cortisol and total 17-
hydroxycorticosteroids. In addition, a standard dexameth-
asone suppression test is partially negative. Such labora-
tory findings are typical of patients with Cushing’s
disease, yet subjects with cortisol resistance do not present
with any of the symptoms of this disorder. The elevated
levels of ACTH result in increased secretion not only of
cortisol but also of deoxycorticosterone and corticoster-
one. These two steroids are responsible for the signs of
mineralocorticoid excess, including hypertension, hypo-
kalemia, and metabolic alkalosis. As previously men-
tioned, the genesis of the resistance syndrome is related
to an abnormal glucocorticoid receptor. The gene for this
receptor has been mapped to chromosome 5q31-q32 (75).
In one family, a point mutation was found in the receptor
gene. In all the families reported with this condition, the
mode of inheritance has been found to be autosomal dom-
inant.

B. Aldosterone Resistance

Aldosterone resistance is most probably a heterogeneous
group of disorders that express themselves clinically as an
unresponsiveness of the kidney to aldosterone. One of the
first patients described in 1958 by Cheek and Perry (76)
presented with a salt-losing syndrome that responded
poorly to mineralocorticoid therapy but was adequately
corrected by sodium chloride supplementation. A large
number of these patients have shown an improvement
with age and often did not require further therapy after 1
or 2 years of age. In other affected subjects, however,
therapy had to be continued.

Aldosterone resistance represents at least two differ-
ent entities since autosomal dominant and autosomal re-
cessive modes of inheritance have been reported (77, 78).
The gene encoding the mineralocorticoid receptor was
cloned recently and mapped to chromosome 4q3l (79).
This new knowledge should help us in understanding bet-
ter the various forms of this disorder.
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VIII. TREATMENT OF
HYPOADRENOCORTICISM

A. Acute Adrenal Insufficiency

In the acute adrenal crisis, a deficiency of cortisol and
aldosterone as well as dehydration must be considered.
Fluid and electrolyte replacement to expand blood volume
and increase blood pressure must be instituted immedi-
ately, particularly in the neonate or small child, who oth-
erwise may decompensate rapidly. During the first hour
of therapy, the patient should receive 20 ml/kg 0.9% so-
dium chloride in 5% glucose solution. The intravenous
solution should then be continued to deliver 60 ml/kg over
the following 24 h. In general, serum electrolytes im-
prove, with plasma concentrations of sodium and chloride
returning to normal but serum potassium often remaining
elevated. At some time during the period of fluid replace-
ment therapy, steroid replacement is instituted. Cortisol
sodium succinate (Solucortef) is given as a IV bolus at a
dosage of 25 mg/m2 and is followed by a similar dose
added to the 24 h IV maintenance fluid solution. Note that
20–35 mg Solucortef has a mineralocorticoid activity
equivalent to 0.1 mg Florinef. After the acute crisis, main-
tenance therapy is instituted.

B. Maintenance Therapy

1. Glucocorticoid Replacement
Cortisol is the drug of choice because it is the major glu-
cocorticoid secreted physiologically by the adrenal cor-
tex. In infants and children, synthetic preparations with
high potency are not recommended for replacement treat-
ment because their proper dosage is difficult to adjust.
Furthermore, cortisol has some mineralocorticoid activity,
whereas the synthetic preparations have little or none. On
the basis of a cortisol secretion rate of 6–14 mg/m2/24 h,
a dosage similar to this secretion given over a 24 h in-
fusion should be a maintenance dose. The oral dosage is
approximately twice the physiological secretion rate, be-
cause some oral cortisol is destroyed by the gastric acidity.
Because of the short half-life of cortisol, the total 24 h
dose must be given in thirds every 8 h.

Experience has shown that children of school age and
adolescents have problems remembering to take the mid-
day dose. Prednisone, which has a longer half-life than
cortisol, can be used, half of the daily dose being given
every 12 h (see Table 4). Prednisolone is the only glu-
cocorticoid available presently in liquid form. It is about
seven times more potent than cortisol. There are two com-
mercial preparations: Pediapred contains 1 mg predniso-
lone per 1 ml; Prelone contains 5 mg prednisolone per 1
ml.

2. Mineralocorticoid Replacement
As previously noted, the secretion rate of aldosterone in
human subjects is similar from 2 weeks of age to adult-

hood. Therefore, replacement therapy remains constant re-
gardless of the age of the patient. The only preparation
available is 9�-fluorocortisol acetate (fludrocortisone,
Florinef). It is given orally as a single dose of 0.05–0.150
mg/24 h. Mineralocorticoid therapy is effective only if salt
is ingested simultaneously. Infant formulas are very low
in salt (8–10 mEq/day), and such patients may require a
modest sodium chloride supplement (15–30 mEq/day),
particularly when they show serum electrolyte abnormal-
ities and elevated plasma renin levels. When the infants
start eating regular table food, the additional salt becomes
unnecessary.

C. Therapy During Stress

Subjects who receive glucocorticoid therapy for more than
1 month have an unresponsive hypothalamic–pituitary–
adrenal axis. As a result, they require additional gluco-
corticoids during stress. For minor infection with low-
grade fever, increased medication may not be required. In
moderate stress the dosage is increased to twice mainte-
nance, and in more severe stress to three to four times
replacement (see Table 4). If a patient is unable to retain
oral therapy during an acute illness, the parents must ad-
minister an IM injection of Solucortef (50 mg/m2). Fol-
lowing the IM injection, the parents are advised to discuss
the problem with their physician or to attend the hospital
emergency room. If this cannot be done within 8 h fol-
lowing the first injection, another IM Solucortef is re-
quired every 8 h.

D. Treatment at Time of Surgery

At present we recommend using Solucortef. A dose of 25
mg/m2 is given IV just before the start of anesthesia. This
is followed by a second dose of 50 mg/m2 administered
as a constant infusion throughout the surgical procedure.
A third 50 mg/m2 dose of Solucortef is then given at a
constant rate for the rest of the first 24 h period. During
the time that the patient is unable to take oral treatment,
constant infusions of Solucortef are continued at 50–75
mg/m2/24 h.

In both medical and surgical stress it is important to
limit the time of increased glucocorticoid dosage to the
period of acute stress and to return to maintenance therapy
as soon as improvement occurs. Otherwise, the patient
may be overtreated and will then present with symptoms
of Cushing’s disease.

IX. HYPERADRENOCORTICISM

The syndromes of hyperadrenocorticism can be classified
into four subgroups, depending on the predominance of a
specific type of adrenocortical steroid. In each of these
entities, however, levels of other steroids can also be el-
evated.
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1. Hypercortisolism, characterized by elevated cor-
tisol secretion

2. Adrenogenital syndrome, characterized by abnor-
mal secretion of adrenocortical androgens

3. Feminizing syndrome, related to increased estro-
gen secretion

4. Hyperaldosteronism, caused by excessive aldo-
sterone secretion

X. HYPERCORTISOLISM

A. Pathophysiology

Except for the iatrogenic hypercortisolism related to glu-
cocorticoid therapy given in pharmacological dosages,
this disorder is rare in the newborn period and in child-
hood. Its frequency increases in adolescence. Harvey
Cushing described patients with hypercortisolism related
to a pituitary adenoma (80), and the condition has been
termed Cushing’s disease. When the hypercortisolism is
related to an adrenal tumor, it is termed Cushing’s syn-
drome. In adults and, rarely, in children, malignant tumors
not necessarily related to an endocrine gland can produce
an excessive amount of ACTH, in which case the disorder
is called ectopic ACTH syndrome. On occasion, the tumor
may produce CRH, which in turn results in increased
ACTH secretion and cortisol secretion. Also in adults,
chronic alcoholism has been shown to result in increased
CRH secretion, which in turn increases ACTH and corti-
sol output.

B. Clinical Manifestations

The symptoms of hypercortisolism are similar whatever
its cause. Because of the ubiquitous effects of glucocor-
ticoid on general metabolism, the symptoms are multiple
and varied (81). In muscle cells, cortisol increases the
breakdown of proteins into amino acids but decreases glu-
cose uptake, resulting in decreased glycogen storage and
muscle wasting. In fat cells, cortisol increases lipolytic
enzymes, resulting in hyperlipidemia, hypercholesterole-
mia, and redistribution of fat with truncal obesity and
moon facies. In liver cells, cortisol increases gluconeo-
genetic enzymes and aminotransferases, resulting in hy-
perglycemia, glycosuria, and what is termed insulin-resis-
tant diabetes. In bone cells, cortisol increases the
reabsorption of the protein matrix, Simultaneously, corti-
sol decreases the synthesis of a specific calcium-binding
protein, resulting in the inhibition of vitamin D-mediated
calcium absorption from the gut; this, in turn, produces
hypocalcemia, osteomalacia, and growth retardation.
These effects of cortisol on bone are further aggravated
by an increased renal calcium excretion. Because cortisol
has some mineralocorticoid activity, hypercortisolism in-
creases sodium retention and potassium loss along with
water retention, resulting in often marked hypokalemia
but only slight hypernatremia and mild hypertension. In

addition to increasing cortisol secretion, ACTH increases
androgen secretion. Hence, when the hypercortisolism is
caused by elevated ACTH secretion, the patients present
with signs of virilism.

Hypercortisolism increases gastric acidity, which in
turn may result in peptic ulcers. However, this is seen
more frequently in adults than in children. Also note that
hypercortisolism can affect the central nervous system, re-
sulting in emotional instability that alternates between de-
pression and euphoria.

C. Laboratory Diagnosis

1. Demonstrate the Presence of
Hypercortisolism

This is reliably done by obtaining a 24 h urine specimen
and determining both total urinary 17-hydroxycorticoste-
roids and free cortisol. In children and adults, the urinary
excretion of 17-OHCS is similar when the values are cor-
rected for body size. The normal value is 2.9 � 1.2 mg/
m2/24 h (mean � SD), as shown by the shaded area in
Figure 10. Therefore, values of the urinary 17-OHCS be-
low 5.5 mg/m2/24 h and urinary free cortisol of less than
70 �g/m2/24 h rule out hypercortisolism. Among obese
subjects, about 30% (Fig. 10) have urinary 17-OHCS val-
ues above 5.5 mg/m2/24 h (14). Such subjects require a
low-dosage dexamethasone suppression test (1.25 mg
dexamethasone/m2/24 h for 2 days). A good suppression
suggests obesity and lack of it suggests hypercortisolism.

2. Determine the Cause of the Disorder
This is done by carrying out a CRH stimulation test (24)
and/or a high-dosage dexamethasone suppression test
(3.75 mg/m2/24 h for 2 days). The response of plasma
ACTH and cortisol to CRH administration is presented in
Figure 9. A marked response in the CRH stimulation test
and a good suppression in the high-dosage dexamethasone
suppression test suggest an hypercortisolism that is pitu-
itary dependent, that is, Cushing’s disease. In contrast, a
lack of response to the CRH stimulation and a lack of
suppression (24) to the high-dosage dexamethasone sup-
pression test strongly favor hypercortisolism being caused
by an adrenal tumor or possibly a tumor producing ectopic
ACTH.

3. MRl of the Head and Abdomen
In theory, MRI of the head will demonstrate the presence
of a pituitary adenoma. Unfortunately, the adenoma can
be very small and is visualized in about only one-third to
one-half of cases. MRI of the abdomen visualizes adrenal
tumors 1 cm or more in diameter. In hypersecretion of
ACTH, bilateral adrenal hyperplasia is observed by MRI
in some cases.

4. Bilateral Petrosal Sinus Sampling
This has been proposed as a means to localize a small
pituitary adenoma that is not visible on the MRI scan.
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Figure 10 Urinary 17-hydroxycorticosteroids corrected for body surface area (mg/m2/24 h) in 160 obese individuals of various
age. Their values are compared to the mean � SD of control subjects (shaded area). About 30% of obese subjects had excretions
above the control mean �2 SD. (From Ref. 14.)

Catheters are placed in the left and right inferior petrosal
sinuses and blood samples are obtained before and 10 and
30 min after administration of CRH (100 �g/m2). High
baseline concentrations of ACTH are expected. The dif-
ferential in ACTH increase following CRH should help to
determine the location of the microadenoma on the left or
right side of the pituitary gland. Although this technique
has been reported by some investigators to be successful
(82), others have found it to be traumatic for the patient,
resulting in a fair amount of body radiation, and not al-
ways accurate.

D. Treatment

Clearly, the treatment is dictated by the cause of the hy-
percortisolism. The treatment of Cushing’s syndrome
caused by an adrenal tumor is surgical. An adenoma or
well-encapsulated carcinoma without metastasis offers the
best opportunity for a complete cure. By contrast, the
prognosis of malignant adrenal tumors that produce glu-
cocorticoids is generally poor.

If the adrenal tumor is localized before surgery, a
transthoracic approach affords excellent exposure and
ease of removal. If the tumor is not well localized, a trans-
peritoneal approach is indicated. Patients with metastasis
can be treated with the drug rnitotane (o,p�-DDD), but
results have been disappointing and the drug is not always
well tolerated. Cisplatin has also been used with limited
success.

Autonomous adrenal tumors secrete cortisol in high
concentrations and suppress ACTH secretion, resulting in
atrophy of the contralateral adrenal gland. Therefore, we
advise the following therapy at the time of surgery: an IV
dose of 25 mg/m2 of Solucortef administered immediately
before the start of anesthesia; this is followed by a con-
stant-rate infusion of 50 mg/m2 of Solucortef throughout
surgery; after surgery, an additional IV constant-rate in-
fusion of 50 mg/m2 is given for the rest of the first 24 h.
On postsurgical days, a constant infusion of Solucortef is
continued at 50 mg/m2/24 h until oral therapy can be
given at three to four times replacement dosage. After the
acute period, it may be necessary to continue oral therapy
at three-fourths to one-fourth replacement therapy for a
few months.

In Cushing’s disease with bilateral adrenal hyperpla-
sia, several forms of therapy have been used. In the past,
bilateral adrenalectomy was widely employed, resulting in
immediate cure of hypercortisolism but also in adrenal
insufficiency that required glucocorticoid and mineral cor-
ticoid replacement for life and the possibility of devel-
opment of a pituitary tumor (83). Radiation of the sella
turcica has also been used extensively in adults but not in
children because it often results in destruction of growth
hormone-secreting cells; however, newer stereotactic tech-
niques of delivery of radiation have given good results
(84).

Transsphenoidal microsurgery is now used to remove
pituitary microadenomas and has been successful in bring-
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ing about complete cures in many patients (85, 86). This
form of therapy requires an experienced neurosurgical
team to obtain the best chances of success (87). In a few
patients, surgery has resulted in panhypopituitarism. Re-
currence of the pituitary adenoma can also occur (88).

Several drugs have been used in the treatment of
Cushing’s disease. Cyproheptadine, a serotonin antago-
nist, can suppress ACTH secretion but it is generally not
recommended as long-term medical management of the
disease and it often does not return the cortisol secretion
rate to normal. Bromocriptine, a dopamine agonist, al-
though useful for the treatment of prolactin and growth-
hormone-secreting pituitary adenomas, has not been of
value in treating ACTH-secreting pituitary tumors. Meto-
pirone and aminoglutethimide, which suppress adrenal se-
cretion, have been recommended for the short-term, pre-
surgical treatment of Cushing’s disease.

Treatment of ectopic ACTH syndrome consists of the
removal of the ACTH-secreting tumor. In cases of iatro-
genic Cushing’s syndrome, stopping the excessive glu-
cocorticoid therapy is recommended.

XI. ADRENOGENITAL SYNDROME

The adrenogenital syndrome is characterized by an ab-
normally elevated secretion of adrenal androgens. Hence,
the virilizing forms of congenital adrenal hyperplasia,
mainly 21-hydroxylase and 11-hydroxylase deficiency, are
part of the syndrome. However, the excessive androgen
secretion of CAH is secondary to an increased ACTH se-
cretion, itself secondary to a deficiency of one of the en-
zymes required for cortisol biosynthesis. For this reason,
CAH is considered a form of hypoadrenocorticism, and
the only cause of adrenogenital syndrome is a virilizing
adrenal tumor, which is a rare condition in childhood.

A. Clinical Manifestations

These tumors result in masculinization of prepubertal chil-
dren. In boys, it produces a pseudoprecocious puberty (89,
90). Sexual hair (pubic, axillary, and sometimes facial
hair) develops and the penis is enlarged to adult size, with
frequent erections. However, the testes remain prepubertal
or slightly enlarged. In girls, this masculinizing syndrome
is characterized by pubic and axillary hair with an en-
larged and erectile clitoris (Fig. 11).

In both boys and girls, the excessive secretion of
androgens accelerates growth, with an advancement of
height age and bone age along with an increase in muscle
mass.

An association of such a tumor with body hemihy-
pertrophy and congenital malformations of the urogenital
tract has been reported (91). If the clinical picture includes
signs of hypercortisolism caused by increased cortisol se-
cretion, the patient should be considered as presenting
with Cushing syndrome. This distinction is important be-

cause the prognosis of purely virilizing tumors and mixed
tumors is different.

B. Pathology

Virilizing adrenal tumors are usually carcinomas contain-
ing malignant cells. Experience shows that the degree of
malignancy is low, however, and it is rare to observe me-
tastasis at the time of surgery. In cases of long standing,
the tumor may invade the capsule of the adrenal and may
metastasize to the kidneys, liver, lungs, and bones. On
occasion, an adrenal adenoma may also be virilizing.
However, it is often difficult to determine microscopically
whether the tumor is malignant or benign. Moreover, the
clinical evolution does not always parallel the pathologi-
cal appearance.

C. Laboratory Studies

These tumors secrete large amounts of androgens, as dem-
onstrated by the elevated urinary excretion of total 17-
ketosteroids and of dehydroepiandrosterone, along with
abnormally high plasma concentrations of DHA and DHA
sulfate (92). The latter two steroids are typical markers of
virilizing adrenal tumors. There is also hypersecretion of
androstenedione. The peripheral metabolism of DHA and
androstenedione to testosterone is the cause of the viril-
ism.

In contrast with congenital adrenal hyperplasia, the
excessive androgen secretion of virilizing adrenal tumors
is not suppressed by dexamethasone administration. In
premature adrenarche, the increase in DHA, DHA sulfate,
and androstenedione is at or below adult values and can
also be suppressed by dexamethasone.

The differential diagnosis also includes virilizing go-
nadal tumors. In boys, Leydig cell tumors produce mainly
testosterone with minimal amounts of DHA and DHA sul-
fate. In girls, virilizing ovarian tumors occur only after
puberty and include the various types of tumors seen in
adult women (adrenal rest tumor, hilar cell tumor, and
arrhenoblastoma).

Although ultrasound study of the abdomen is usually
excellent for the detection of ovarian tumors, it is not very
sensitive as far as adrenal tumors are concerned. A com-
puted tomographic (CT) scan or MRI without and with
contrast is necessary to localize an adrenal mass.

D. Treatment

The tumor should be excised carefully, without damaging
its capsule. Every effort should be made to remove the
tumor en bloc. If present, metastases should be removed
as completely as possible. In such cases, radiotherapy or
chemotherapy with o,p�-DDD can be attempted.

Glucocorticoid therapy should be used during and af-
ter surgery until the status of the contralateral adrenal
gland is determined. Theoretically, such treatment should
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Figure 11 (a) Abdomen of a 4-year-old girl with virilizing adrenocorticol carcinoma. (b) Surgical specimen. (From Ref. 106.)

not be needed if the tumor does not secrete excessive cor-
tisol. Practically, it is easy and safer to administer glu-
cocorticoid. As previously noted, the prognosis of purely
virilizing tumors that are well encapsulated is usually ex-
cellent, whereas that of tumors that also secrete excessive
amounts of cortisol is generally poor.

XII. FEMINIZING ADRENAL TUMORS

These tumors are even rarer than virilizing adrenal tumors
in infants and children. Extrapolating from experience in

adults, approximately half of feminizing adrenal tumors
are malignant (93).

A. Clinical Manifestations

In boys, the major sign is gynecomastia; the testes are
prepubertal in size, but pubic hair is often present, being
related to the concomitant secretion of androgens and es-
trogens by the tumor. In girls, there is breast development,
as seen in precocious puberty; pubic hair can be present,
and breakthrough vaginal bleeding may occur. In children
of both sexes, there is rapid statural and osseous devel-
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Table 5 Syndromes of Hyperaldosteronism

Secondary hyperaldosteronism
Physiological attempts to maintain serum

electrolytes and fluid volumes
Primary hyperreninemia

Renal ischemia
Juxtaglomerular cell tumor

Primary hyperaldosteronism
Adrenocortical adenoma
Bilateral glomerular hyperplasia

Bartter’s syndrome
Dexamethasone-suppressible hyperaldosteronism
Apparent mineralocorticoid excess: Familial

11�-dehydrogenase deficiency

opment, height age and bone age being significantly ad-
vanced.

B. Pathology

For virilizing adrenal tumors, the diagnosis of malignancy
is often difficult.

C. Laboratory Diagnosis

Urinary and plasma estrogen levels are usually elevated.
Most of the tumors also secrete an excess of androgens,
resulting in increased urinary 17-ketosteroids and plasma
DHA, DHA sulfate, androstenedione, and, to some extent,
testosterone. This excessive secretion of steroids is not
dexamethasone suppressible. Often the laboratory results
are not characteristic. CT scan and/or MRI is needed to
make the definitive diagnosis of adrenal tumor.

D. Differential Diagnosis

Because of the lack of specificity of the clinical signs and
hormone assays, the diagnosis of feminizing adrenal tu-
mor is usually difficult.

Gynecomastia is a physiological finding in pubertal
boys, and it is not easy to differentiate the breast enlarge-
ment that accompanies precocious puberty in a young boy
from that of a feminizing adrenal tumor. A modest in-
crease in testicular size in precocious puberty may not be
differentiated from infantile testes in feminizing tumor. An
LHRH test may be useful, showing a pubertal increase in
LH in precocious puberty.

In prepubertal girls, a feminizing adrenal tumor must
be differentiated from premature telarche and idiopathic
sexual precocity. Estrogens are markedly increased in an
adrenal tumor but not in premature telarche. A positive
LHRH test should be helpful in determining sexual pre-
cocity.

E. Treatment

The tumor should be removed surgically promptly after
the diagnosis has been established. If the tumor did not
secrete excessive amounts of cortisol or 11-deoxycortisol,
the prognosis is usually good.

XIII. HYPERALDOSTERONISM

The various syndromes of hyperaldosteronism are out-
lined in Table 5.

A. Secondary Hyperaldosteronism

An increase in plasma renin activity with increased al-
dosterone secretion is a physiological mechanism for the
maintenance of serum electrolyte concentrations and fluid
volume. It occurs with sodium loss, potassium retention,

or decreased intravascular volume. Sodium loss occurs
during diarrhea or excessive sweating. It also happens
with administration of diuretics, in patients with renal tu-
bular acidosis or salt-losing nephritis. The edema of the
nephrotic syndrome or the ascites of cirrhosis of the liver
causes a decrease in blood volume that results in com-
pensatory increased aldosterone secretion. In all these
conditions, the hyperaldosteronism is an attempt to re-
establish an electrolyte–water balance, and this is termed
secondary hyperaldosteronism. It may also occur in hy-
pertension related to a unilateral renal disease with in-
creased plasma renin activity. The increased aldosterone
secretion characteristic of the non-salt-losing form of 21-
hydroxylase deficiency can also be considered a second-
ary hyperaldosteronism because it occurs in response to
the salt-losing tendency created by excessive secretion of
17-hydroxyprogesterone and progesterone.

B. Primary Hyperreninemia

The most common cause is renal ischemia, whether uni-
lateral or bilateral. Such ischemia results in excessive se-
cretion of renin by the juxtaglomerular apparatus.
Tumors of the juxtaglomerular apparatus have also been
reported as a rare cause of renin excess (94).

C. Primary Hyperaldosteronism

In 1955, Conn (95) described a disorder termed primary
aldosteronism that was caused by an aldosterone-produc-
ing tumor of an adrenal gland. The symptoms included
arterial hypertension, hypokalemic alkalosis, muscle
weakness, and polyuria. Subsequently it was demonstrated
that the plasma renin activity was markedly decreased.
This syndrome is encountered mainly in adults, and only
a very few cases have been reported in children.

1. Clinical Manifestations
The full clinical picture of this disorder is directly related
to the hyperaldosteronism. Aldosterone increases potas-
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sium excretion, resulting in hypokalemia. This in turn re-
sults in muscle weakness with various types of paresthe-
sias and sometimes unusual types of periodic paralysis. It
is thought that the chronic hypokalemia is also responsible
for the polyuria and resulting polydipsia. Aldosterone in-
creases the retention of sodium, but the hypernatremia is
largely compensated for by increased water retention. The
increase in blood volume in turn results in hypertension,
both systolic and diastolic.

2. Laboratory Diagnosis
The typical finding is a high aldosterone secretion with
low plasma renin activity. Administration of a high-so-
dium diet or of DOCA fails to suppress aldosterone se-
cretion. The low plasma renin activity differentiates the
syndrome from the high renin levels seen in secondary
hyperaldosteronism. A CT scan or MRI is necessary to
demonstrate the presence of a mass in one of the adrenals.
Because the adrenocortical tumor may be quite small, it
may not be seen by MRI. Catheterization of the renal
veins and selective adrenal vein sampling for measure-
ment of aldosterone may demonstrate a very large secre-
tion on one side and a lack of aldosterone on the other.

3. Pathology
In most cases, the tumor is an adenoma, but on occasion
it can be a carcinoma (96). There can also be bilateral
nodular hyperplasia of the adrenal cortex or focal hyper-
plasia of normal glomerular cells arranged in a nodular
fashion.

4. Treatment
The adrenal tumor should be removed. Because it does
not secrete cortisol, there is usually no need for gluco-
corticoid therapy during surgery.

In bilateral nodular hyperplasia, bilateral adrenectomy
may be considered. In such cases, however, medical treat-
ment with spironolactone, an inhibitor of aldosterone bio-
synthesis, is preferable if it can control the hypertension.

D. Bartter’s Syndrome

This disorder is thought to be related to a renal tubular
defect of chloride reabsorption. This results in passive loss
of sodium, which in turn activates the renin–angiotensin–
aldosterone system. In addition, the hyperaldosteronism
results in hypokalemic alkalosis.

Patients usually present in infancy with failure to
thrive, vomiting, weakness, and dehydration. Blood pres-
sure is normal. There is hypochloremic metabolic alka-
losis with hypokalemia and usually normal blood sodium.
Plasma renin activity and aldosterone are elevated. One
finds an increased urinary excretion of chloride and po-
tassium with elevated excretion of prostaglandin. Renal
biopsy shows hyperplasia of the juxtaglomerular appara-
tus (97).

There is no specific therapy, and an attempt is made
to correct the electrolyte abnormalities. In some patients,
the use of prostaglandin synthetase inhibitors, such as in-
domethacin or salicylates, can be beneficial.

E. Dexamethasone-Suppressible
Hyperaldosteronism (Glucocorticoid-
Remediable Aldosteronism)

In 1966, Sutherland et al. (98) reported a clinical condi-
tion characterized by hypertension, increased aldosterone
secretion, and low plasma renin activity that was fully
relieved by administration of dexamethasone (93, 94).
Most recent progress in the molecular biology of steroid
biosynthesis has been able to demonstrate that this dis-
order was related to a chimeric gene encoding for a cy-
tochrome P450 possessing aldosterone synthetase activity
but capable of responding to ACTH stimulation (Fig. 12).
It is inherited as an autosomal dominant trait.

1. Clinical Manifestations
Symptoms and laboratory abnormalities in this disorder
are identical to those found in primary hyperaldosteronism
caused by an adrenal adenoma (98, 99). They include hy-
pertension, hypokalemia, elevated plasma aldosterone
concentrations, and low plasma renin activity. However,
and in contrast to primary hyperaldosteronism, the hyper-
tension, hypokalemia, increased aldosterone secretion, and
low plasma renin activity can be returned to normal by
the administration of dexamethasone. It has been noted
that affected subjects always present with hypertension,
but the degree of hypokalemia is variable.

2. Pathogenesis
Two genes, CYP11B1 and CYP11B2, encode for a cyto-
chrome P450 possessing 11�-hydroxylase activity. How-
ever, CYP11B1 is mainly expressed in the zona fascicu-
lata, under ACTH control, and CYP11B2 is mainly
expressed in the zona glomerulosa, under angiotensin II
control. The product of the CYP11B2 gene is also called
aldosterone synthetase, which is capable of activating 18-
hydroxylation and 18-oxidation in addition to 11�-hy-
droxylation. Both genes are located on chromosome 8q22.

It was recently proposed that a hybrid gene,
CYP11B1/CYP11B2, as shown in Figure 12, is the cause
of the disorder (101–103). The promoter of the hybrid
gene is derived from the CYP11B1 and is therefore re-
sponsive to ACTH, but the chimeric protein encoded by
this gene has the function of the aldosterone synthetase,
hence the reason for the ACTH-dependent hyperaldoste-
ronism. Because the chimeric gene is expressed in the
zone fasciculata, which also expresses the CYP17 gene,
there can be secretion of cortisol, which has also been
hydroxylated in the carbon 18. Indeed, the secretion of
18-hydroxy and 18-oxocortisol is characteristic of dexa-
methasone-suppressible hyperaldosteronism. A series of
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Figure 12 Gene organization of CYP11B1 and CYP11B2 genes (upper part of the figure) and organization of the hybrid
CYP11B1/CYP11B2 gene resulting from unequal crossing over (lower part of the figure). The resulting hybrid gene can be
stimulated by ACTH as it includes the promotor of the B1 gene and can form aldosterone as it includes the 3� end of the B2
gene. (From Ref. 2.)

recent reports has identified such a chimeric gene, which
includes the 5� sequences of the CYP11B1 gene and the
3� sequences from the CYP11B2 gene.

3. Treatment
As expressed by the name of the syndrome, dexametha-
sone or other glucocorticoid administration in replacement
dosages turns off ACTH secretion, which in turn blocks
aldosterone secretion as well as cortisol output. Although
glucosteroid-remediable aldosteronism remains rare as a
cause of hypertension in children, a recent report (100)
suggested that it should be considered in severe cases with
a positive family history of early-onset hypertension.

F. Familial Deficiency of 11�-
Dehydrogenase

This congenital disorder is characterized by an apparent
mineralocorticoid excess (104, 105). A gene encoding
11�-dehydrogenase has been cloned and mapped to chro-
mosome 1 (106). This enzyme has the property of metab-
olizing cortisol into cortisone. In blood, the ratio of cor-
tisol to cortisone is 5:1–10:1. In contrast, the kidney is
rich in 11�-dehydrogenase, and only cortisone is found in
this organ (107, 108). Under physiological conditions the
receptor protein for mineralocorticoids has equal affinity
for cortisol and aldosterone, but cortisone does not bind.

1. Pathophysiology
In this syndrome, a deficiency of 11�-hydroxysteroid de-
hydrogenase in the kidneys results in binding of cortisol
to the mineralocorticoid receptor. In view of the large con-
centration of cortisol relative to aldosterone, there is so-
dium retention and water retention. The increased blood

volume results in hypertension, and the increased miner-
alocorticoid activity generates hypokalemia. Under such
conditions, plasma concentrations of aldosterone and
renin activity are low.

2. Treatment
The severe hypertension in this disorder is generally re-
sistant to any medical therapy. Dexamethasone binds to
the glucocorticoid receptor with high activity but does not
interact with the mineralocorticoid receptor. The full sup-
pression of cortisol secretion by dexamethasone does not
improve the hypertension, however, suggesting that the
increased mineralocorticoid activity of the syndrome is
mediated by both the renal glucocorticoid receptor and the
mineralocorticoid receptor (109).

It has been reported that subjects who ingest large
amounts of licorice develop hypertension and hypokale-
mia, with low levels of plasma aldosterone and plasma
renin activity. It has been shown (110) that licorice con-
tains glycyrrhizic acid, which has the property of inhib-
iting 11�-hydroxysteroid dehydrogenase activity.
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I. INTRODUCTION

Congenital adrenal hyperplasia (CAH) is a family of in-
herited disorders of adrenal steroidogenesis. With only
one exception, each disorder results from a deficiency in
one of the several enzymatic steps necessary for normal
steroid synthesis. Since the earliest case of CAH docu-
mented in 1865 by the Neapolitan anatomist De Crecchio
(1), numerous investigators have unraveled the mecha-
nisms of adrenal steroid synthesis and the associated en-
zyme defects responsible for the clinical syndromes. This
report includes recent advances in the investigation and
understanding of these disorders.

II. PATHOPHYSIOLOGY

The adrenal glands synthesize three main classes of hor-
mones: mineralocorticoids, glucocorticoids, and sex ste-
roids. Figure 1 shows a simplified scheme of the adrenal
synthesis of these steroids from the cholesterol precursor
molecule. Each enzymatic step is indicated.

The pituitary regulates adrenal steroidogenesis via ad-
renocorticotropic hormone (ACTH). ACTH stimulates
steroid synthesis by acting on the adrenals to increase the
conversion of cholesterol to pregnenolone, which is the
principal substrate for the steroidogenic pathways. The
central nervous system controls the secretion of ACTH,
its diurnal variation, and its increase in stress via corti-
cotropin-releasing factor (2, 3). The hypothalamic–pitui-
tary–adrenal feedback system is mediated through the cir-
culating level of plasma cortisol; any condition that
decreases cortisol secretion results in increased ACTH se-
cretion. Cortisol therefore exerts a negative feedback ef-
fect on ACTH secretion.

In most forms of congenital adrenal hyperplasia, an
enzyme defect blocks cortisol synthesis, thus impairing
cortisol-mediated negative feedback control of ACTH se-
cretion (Fig. 2). Oversecretion of ACTH ensues, which
stimulates excessive synthesis of the adrenal products of
those pathways unimpaired by an enzyme deficiency and
causes an accumulation of precursor molecules in path-
ways blocked by an enzyme deficiency.

The clinical symptoms of the different forms of con-
genital adrenal hyperplasia result from the particular hor-
mones that are deficient and those produced in excess. In
the most common case, that of 21-hydroxylase deficiency,
the aldosterone and cortisol pathways are blocked and the
androgen pathway, which does not involve 21-hydrox-
ylation, is overstimulated. The characteristic virilization
caused by 21-hydroxylase deficiency is due to excessive
secretion of adrenal androgens.

An enzymatic deficiency of 11�-hydroxylase also re-
sults in decreased cortisol synthesis with consequent over-
production of cortisol precursors and sex steroids, as seen
in 21-hydroxylase deficiency. Thus, 11�-hydroxylase de-
ficiency shares the clinical feature of virilization with the
21-hydroxylase disorder. An additional finding in many,
but not all, patients with 11�-hydroxylase deficiency is
hypertension. The hypertension is thought to derive from
the excess accumulation of the aldosterone precursor, de-
oxycorticosterone (DOC), a steroid with salt-retaining ac-
tivity.

Disorders of adrenal steroidogenesis have also been
described in association with deficiencies of 3�-hydrox-
ysteroid dehydrogenase, 17�-hydroxylase/17, 20-lyase,
and steroidogenic acute regulatory protein. A summary of
the biochemical features of these disorders is presented in
Table 1. The enzyme deficiency of 21-hydroxylase is the
most common type of CAH, accounting for 90–95% of
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Figure 1 Simplified scheme of adrenal steroidogenesis shows abnormal secretion of hormones in congenital adrenal hyper-
plasia resulting from 21-hydroxylase deficiency. OH, hydroxylase; HSD, hydroxysteroid dehydrogenase.

Figure 2 Regulation of cortisol secretion in normal subjects and in patients with congenital adrenal hyperplasia. (From Ref.
133.)
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all cases, with 11�-hydroxylase deficiency the second
most common, occurring in 5–8% of cases.

III. CLINICAL FEATURES

The most prominent clinical feature of 21- and 11�-hy-
droxylase deficiency is virilization. Because adrenocorti-
cal function begins by month 3 of gestation, a fetus with
21- or 11�-hydroxylase deficiency is exposed to overse-
creted adrenal androgens at the critical time of sexual dif-
ferentiation. In a female fetus, the excessive adrenal an-
drogens masculinize the external genitalia and female
pseudohermaphroditism results. In rare cases, the mascu-
linization is so profound that the urethra is penile (4). The
internal genitalia (i.e., uterus and fallopian tubes), which
arise from the müllerian ducts, are normal because the
female fetus does not possess Sertoli’s cells of the testes,
the source of müllerian-inhibiting factor. The female gen-
ital abnormalities are present only in the androgen-re-
sponsive external genitalia. Males with 21- or 11�-hy-
droxylase deficiency do not manifest genital abnormalities
at birth but may demonstrate hyperpigmentation.

The simple virilizing form of 21-hydroxylase defi-
ciency is characterized by excess adrenal androgen secre-
tion, which causes prenatal virilization of the genetic fe-
male and postnatal virilization of both boys and girls. In
the salt-wasting form, in addition to the excess adrenal
androgens, there is aldosterone deficiency causing low se-
rum sodium, high serum potassium, and vascular collapse.
In the more severe salt-wasting form, both newborn boys
and girls are subject to early, life-threatening, salt-wasting
crises within the first few weeks of life.

The various clinical and biochemical features asso-
ciated with the different forms of congenital adrenal hy-
perplasia are indicated in Table 1. Continued oversecre-
tion of adrenal androgens as a result of untreated 21- or
11�-hydroxylase deficiency results in progressive penile
or clitoral enlargement; advanced bone age and tall stature
in early childhood with ultimate short stature caused by
premature epiphyseal closure; early appearance of facial,
axillary, and pubic hair; and acne. In 11�-hydroxylase de-
ficiency hypertension is frequently, although not neces-
sarily, an additional finding. Girls with congenital adrenal
hyperplasia who remain untreated do not develop breasts
or menstruate and are further virilized. In untreated boys,
the testes may remain small and there may be infertility,
although some untreated men have been fertile (5).

In 3�-hydroxysteroid dehydrogenase deficiency (3�-
HSD), steroid synthesis in both the adrenal cortex and in
the gonads is affected, and only �5 steroid precursors are
formed and secreted. Circulating �5 precursors undergo
conversion peripherally to active �4 steroids and are be-
lieved to cause virilization of the external genitalia in ge-
netic females with 3�-HSD. Genetic males have incom-
plete external genital development due to deficient �4

androgen production in the gonads (6, 7). Thus, genital
ambiguity results in children of both sexes. Similar to 21-

and 11�-hydroxylase deficiency, the appearance of the ex-
ternal genitalia at birth does not predict the severity of the
enzyme defect. There have been reports of a milder, non-
classic form of 3�-HSD deficiency; however, mutations
in the gene for 3�-HSD have yet to be identified in these
patients (8, 9).

Steroid 17�-hydroxylase/17,20-lyase deficiency, which
accounts for approximately 1% of all CAH cases, affects
steroid synthesis in the adrenals and gonads (10). Patients
have impaired cortisol synthesis, leading to elevated
ACTH that increases serum levels of deoxycorticosterone
and especially corticosterone, resulting in low-renin hy-
pertension, hypokalemia, and metabolic alkalosis. Af-
fected females are born with normal external genitalia.
Affected males are also born with undervirilized genitalia
due to their deficient gonadal testosterone production.
17�-Hydroxylase/17,20-lyase deficiency is often recog-
nized at puberty in girls who fail to develop secondary
sex characteristics.

Congenital lipoid hyperplasia is an extremely rare and
severe form of CAH in which cholesterol is not converted
to pregnenolone. Synthesis of all adrenal and gonadal ste-
roids is deficient and results in accumulations of choles-
terol and cholesterol esters in the newborn. Recent studies
have revealed that abnormalities of the steroidogenic acute
regulatory protein (StAR) are responsible for this disorder
(11, 12). StAR is involved in the transfer of cholesterol
from the outer to the inner mitochondrial membrane,
which is the rate-limiting step in steroidogenesis. Males
with congenital lipoid hyperplasia are born with female-
appearing external genitalia. Females have a normal gen-
ital phenotype at birth but remain sexually infantile with-
out treatment, and all patients present with salt wasting.
If not detected and treated, lipoid CAH is usually fatal
(13).

IV. CLINICAL FORMS OF ADRENAL
HYPERPLASIA CAUSED BY
21-HYDROXYLASE DEFICIENCY

Two major phenotypes are recognized in 21-hydroxylase
deficiency: classic and nonclassic (late onset; Fig. 3).
Within the latter class of patients are those who demon-
strate the biochemical defect but lack any overt stigmata
of hyperandrogenism. Table 2 delineates the differences
between classic and nonclassic 21-hydroxylase deficiency.

A. Classic

Classic congenital adrenal hyperplasia is a well-known
genetic disorder transmitted by an autosomal recessive
gene. The biochemical and clinical abnormalities of this
form of CAH are clearly present in patients both prena-
tally and postnatally. Progesterone, 17-OH-progesterone,
androstenedione, and testosterone are secreted in excess,
consequent to increased ACTH stimulation resulting from
an inherited 21-hydroxylase deficiency that impairs cor-
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Figure 3 There is a wide spectrum of clinical presentation in 21-hydroxylase deficiency, ranging from prenatal virilization
with labial fusion to precocious adrenarche, to pubertal or postpubertal virilization. During their lifetimes, patients’ conditions
may change from symptomatic to asymptomatic. (From New MI, Dupont B. Grumbach K, Levine LS. The adrenal hyperplasias.
In: Stanbury JB, Wyngaarden JB, et al., eds. The Metabolic Basis of Inherited Disease, 5th ed. New York: McGraw-Hill, 1983:
973–1000.)

tisol synthesis (14–21). As expected, the urinary excretion
of the metabolites of these steroids is also increased (22,
23). Abnormalities in cortisol secretion are also associated
with alterations in the secretion of other pituitary hor-
mones such as GH and TSH (24, 25).

In genetic females with congenital 21-hydroxylase
deficiency, the developing fetus is exposed to the exces-
sive adrenal androgens, equivalent to the male fetal level,
secreted by the hyperplastic adrenal cortex. External gen-
italia in the genetic female range from mildly ambiguous
to completely virilized. The internal genitalia (uterus and
fallopian tubes) are not affected by the excess androgens.
Boys with 21-hydroxylase deficiency do not manifest gen-
ital abnormalities at birth. Postnatally, in untreated boys
and girls, continued excessive androgen production results
in rapid somatic growth; advanced epiphyseal maturation;
progressive penile or clitoral enlargement; early appear-
ance of facial, axillary, and pubic hair; and acne. With-
out treatment, early epiphyseal closure and short stature
result (26).

In three-quarters of cases with classic 21-hydroxylase
deficiency, salt wasting occurs, as defined by hyponatre-
mia, hyperkalemia, inappropriate natriuresis, and low se-
rum and urinary aldosterone levels with concomitant high
plasma renin activity (PRA). The increase in the propor-

tion of salt-wasting cases in recent years may be attributed
in part to enhanced ascertainment because of advance-
ments in diagnostic capabilities, as well as increased
survival because of the availability of exogenous miner-
alocorticoid supplements. Salt wasting results from in-
adequate secretion of salt-retaining steroids, especially
aldosterone. In addition, hormonal precursors of 21-hy-
droxylase may act as mineralocorticoid antagonists in the
marginally competent sodium-conserving mechanism of
the immature newborn renal tubule (27–29). It has been
observed that an aldosterone biosynthetic defect apparent
in infancy may be ameliorated with age (30, 31) and a
spontaneous partial recovery from salt wasting in adult-
hood was described in a patient with severe salt wasting
in infancy. This variation in the ability to produce min-
eralocorticoids may be attributable to another adrenal en-
zyme with 21-hydroxylase activity (32). Therefore, it is
desirable to evaluate the sodium and mineralocorticoid re-
quirements carefully by measuring plasma renin activity
in patients who have been labeled neonatally as salt
wasters.

Although it has been claimed that salt wasting cor-
relates with severe virilism (33), it is important to rec-
ognize that the extent of virilism may be the same in sim-
ple virilizing and salt-wasting CAH. Thus, even a mildly
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Table 2 Comparison of Classic and Nonclassic 21-Hydroxylase Deficiency

Feature Classic Nonclassic

Disease frequency 1:14,000 1:100 all white patients
1:27 Ashkenazi Jews

Prenatal virilization Females No

Postnatal virilization Males and females Variable

Salt wasting 60–75% cases No

17-Hydroxyprogesterone levels after
ACTH challenge

Extreme elevation (>20,000 ng/dl) Moderate elevation (2000–15,000 ng/dl)

Genotype of CYP21 Severely affected allele/severely
affected allele

Mildly affected allele/mildly affected
allele; or severely affected allele/mildly
affected allele

Associated HLA haplotype B47; DR7 B14; DR1

Common mutations
Simple virilizing I172N

Intron 2, A → G
V281L
P30L
P453S

Salt-wasting Deletion
Lg. conversion
Intron 2, A → G
Exon 3, �8 bp
Codons 234–238
Q318 → Stop codon
R356W

virilized newborn with 21-hydroxylase deficiency should
be observed carefully for signs of a potentially life-threat-
ening crisis within the first few weeks of life.

B. Nonclassic 21-Hydroxylase Deficiency

An attenuated, late-onset form of adrenal hyperplasia was
first suspected by gynecologists in clinical practice who
used glucocorticoids for the treatment of women with
physical signs of hyperandrogenism, including infertility
(34, 35). The first documentation of suppression of 21-
hydroxylase precursors in the urine of such patients after
glucocorticoid therapy was by Baulieu and co-workers in
1957 (36). The precise diagnosis of a mild 21-hydroxylase
defect was made possible when a radioimmunoassay for
17-hydroxyprogesterone (17-OHP) the direct precursor of
the enzyme in the adrenal zona fasciculata, was developed
(37). The autosomal recessive mode of genetic transmis-
sion of the nonclassic form of 21-hydroxylase deficiency
(NC21-OHD) became apparent through family studies of
classic 21-OHD (38–40). The establishment of linkage to
HLA (41, 42) confirmed the existence of this disorder as
an allele of classic 21-OHD (38, 43). The HLA associa-
tions for nonclassic 21-OHD (41, 44, 45) are distinct from

those found in classic 21-OHD and differ according to
ethnicity (42, 46, 47).

The clinical symptoms of NC21-OHD are variable
and may present at any age. NC21-OHD can result in
premature development of pubic hair in children; to our
knowledge, the youngest such patient was noted to have
pubic hair at 6 months of age (39). In a review of 23
patients presenting for evaluation of premature pubarche,
7 children demonstrated a 17-OHP response to ACTH
stimulation consistent with the diagnosis of nonclassic 21-
hydroxylase deficiency, a prevalence of 30% in this pre-
selected group of pediatric patients at high risk (48). Other
investigators found that 7 of 46 children (15%) with pre-
mature pubarche demonstrated an ACTH-stimulated 17-
OHP response greater than that of obligate heterozygote
carriers of the 21-hydroxylase deficiency gene (49). Ele-
vated adrenal androgens promote the early fusion of epi-
physeal growth plates. It is common, but not universally
found, that children with the disorder have advanced bone
age and accelerated linear growth velocity, and ultimately
are shorter than the height that might be predicted based
on midparental height and on linear growth percentiles
before the apparent onset of excess androgen secretion
(50).
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Table 3 Frequency of Nonclassic
21-Hydroxylase Deficiency

Ethnic group Frequency

Ashkenazi Jewish 1:27
Hispanic 1:53
Slavic 1:63
Italian 1:333
General white population 1:100

Source: Data from Ref. 46.

Severe cystic acne refractory to oral antibiotics and
retinoic acid has been attributed to NC21-OHD. In one
study of 31 young female patients with acne and/or hir-
sutism tested with low-dose ACTH stimulation after over-
night dexamethasone suppression, no cases of 21-hydrox-
ylase deficiency were found (51). In another study
comparing the responses of 11 female patients with acne
and 8 female control subjects to a 24 h infusion of ACTH,
elevated urinary excretion of pregnanetriol in 6 patients
was suggestive of a partial 21-hydroxylase deficiency
(52).

Male pattern baldness in young women with this dis-
order has been noted as the sole presenting symptom. Se-
vere androgenic alopecia in association with marked vi-
rilization has also been reported in an undiagnosed and
therefore untreated 59-year-old woman with the simple
virilizing form of the disease (53). Menarche may be nor-
mal or delayed, and secondary amenorrhea is a frequent
occurrence. The syndrome of polycystic ovarian disease
includes a subgroup of women with NC21-OHD. The
pathophysiology of this phenomenon probably relates to
adrenal sex steroid excess disrupting the usual cyclicity
of gonadotropin release and/or the direct effects of adrenal
androgens upon the ovary, leading ultimately to the for-
mation of ovarian cysts, which then may autonomously
produce androgens.

Retrospective analysis of the causes of hirsutism and
oligomenorrhea revealed that 16 of 108 (14%) of young
women presenting to this institution for endocrinological
evaluation of these complaints had nonclassic 21-hydrox-
ylase deficiency (54). In other published series the prev-
alence of nonclassic 21-hydroxylase deficiency in hirsute,
oligomenorrheic women ranges from 1.2 to 30% (55–59).
The disparity in frequency of nonclassic 21-hydroxylase
deficiency reported by different authors may be attributed
to differences in the ethnic groups studied because the
disease frequency is ethnic-specific (Table 3).

In boys, early beard growth, acne, and growth spurt
may be detected. A highly reliable constellation of phys-
ical signs of adrenal (as opposed to testicular) androgen
excess in boys is the presence of pubic hair, enlarged phal-
lus, and relatively small testes. In men, signs of androgen
excess are difficult to appreciate and may theoretically be

manifest only by short stature and/or adrenal sex steroid-
induced suppression of the hypothalamic–pituitary–go-
nadal axis, resulting in diminished fertility.

Oligospermia and subfertility have been reported in
men with nonclassic 21-hydroxylase deficiency (60, 61).
Reversal of infertility with glucocorticoid treatment in
three men has been observed (61–63).

The presence of 21-hydroxylase deficiency can be
discovered during the evaluation of incidental adrenal
masses (64). An increased incidence of adrenal inciden-
talomas has in fact been found in male and female patients
with homozygous congenital adrenal hyperplasia (82%)
and also in heterozygote subjects (45%), probably arising
from hyperplastic tissue areas and not requiring surgical
intervention (65).

A subset of NC-21OHD individuals is overtly asymp-
tomatic when detected (usually as part of a family study),
but it is thought, based on longitudinal follow-up of such
patients, that symptoms of hyperandrogenism may wax and
wane with time. The gene defect in these so-called cryptic
21-hydroxylase deficient subjects is the same as that found
in symptomatic patients with the nonclassic disease.

V. PUBERTAL MATURATION IN CLASSIC
CONGENITAL ADRENAL HYPERPLASIA

A. Onset of Puberty

In most patients treated satisfactorily from early life, the
onset of puberty in both girls and boys with classic CAH
occurs at the expected chronological age (66–69). The
pattern of gonadotropin response to luteinizing hormone-
releasing hormone (LHRH) is appropriate for age in pre-
pubertal and pubertal girls with well-controlled CAH (70,
71). Physiologic secretion of gonadotropins, however,
may not be entirely normal (72, 73).

True precocious puberty may occur in some well-
treated children with CAH, perhaps correlated with bone
age. Another setting in which central puberty sometimes
occurs in CAH is after initiation of glucocorticoid therapy,
producing a sudden decrease in sex steroid levels and
leading to hypothalamic activation. LHRH analogs may
be employed as an adjunct to therapy with hydrocortisone
in such children (74). Long-term data on final height in a
small number of CAH patients suggest that LHRH ana-
logs (75, 76), along with growth hormone treatment (77),
are not only effective in arresting the pubertal process but
also improve final height.

In most untreated or poorly treated adolescent girls,
and in some adolescent boys, spontaneous true pubertal
development does not occur until proper treatment is in-
stituted (Table 4) (67, 68, 78–80). Studies suggest that
excess adrenal androgens (aromatized to estrogens) inhibit
the pubertal pattern of gonadotropin secretion by the hy-
pothalamic–pituitary axis (67). The inhibition probably
occurs via a negative feedback effect; whether it is pri-
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Table 4 Pubertal Disorders in 21-Hydroxylase Deficiency CAH

Classic: abnormal
(poorly treated or untreated) Classic: normal Nonclassic: abnormal Cryptic: normal

Girls No thelarche; no menarche;
secondary amenorrhea or
menstrual irregularity; cystic
ovaries, anovulation, infertility

None reported Precocious adrenarche, hirsutism,
cystic acne; amenorrhea or
menstrual irregularity; anovulation,
infertility, cystic ovaries

No abnormalities

Boys Small testesa

Decreased spermatogenesis
Normal testicular size
Spermatogenesis

Precocious adrenarche
Cystic acne

No abnormalities

aAdolescent males may have nodular testes as a result of adrenal rest tumor.

marily at the hypothalamus or pituitary is not known. This
inhibition is reversible by suppression of the adrenal hor-
mone production with glucocorticoid treatment.

Following gonadarche, in a majority of successfully
treated patients, the milestones of further development of
secondary sex characteristics in general appear to be nor-
mal (66, 69), although a somewhat delayed sequence of
pubertal events was present in girls (66).

B. Menstrual Disorders

Many patients with treated classic CAH have regular men-
ses after menarche (67, 68, 81). However, expected age
at menarche of treated CAH patients from various clinics
as shown in Table 4, suggests that menarche was signifi-
cantly delayed, especially when those patients who were
not menstruating after 16 years of age were included. Me-
narche was not observed in untreated patients, but only in
patients who had received suppressive glucocorticoid
treatment (66–69, 82, 83).

Menstrual irregularity and secondary amenorrhea
with or without hirsutism are not uncommon complica-
tions in postmenarchal girls (5, 68, 69, 82, 84, 85). These
menstrual abnormalities have been found frequently in pa-
tients with inadequately controlled disease (Table 4) (66,
67, 69, 81, 82, 85). Several studies subsequently reported
menarche or the normalization of the menstrual cycle fol-
lowing adequate suppression of adrenal sex steroids with
long-acting and more potent glucocorticoid treatment (82,
85, 86). Delayed menarche or even primary amenorrhea
may result from poor treatment or overtreatment. In
poorly treated patients, the mechanism for delayed me-
narche may be interference by adrenal sex steroids in the
cyclicity of the hypothalamic–pituitary–ovarian axis (66,
67). Delayed menarche in patients who are overtreated
may be related to the delay in bone age and general mat-
uration known to occur with excessive glucocorticoid
treatment (66).

Many treated women have had successful pregnan-
cies with the delivery of a normal, healthy, full-term infant
(67, 87, 88). A recent study reports successful pregnancy
outcomes in four women with classic CAH (1 with simple
virilizing and 3 with salt-wasting) (89). All four gluco-

corticoid-treated mothers delivered unaffected and non-
virilized baby girls. A retrospective survey of fertility rates
in a large group of women with 21-hydroxylase deficiency
showed that simple virilizers were more likely than salt
wasters to become pregnant and carry the pregnancy to
term (90). Adequacy of glucocorticoid therapy is probably
an important variable with respect to fertility outcome
(91). Among all patients questioned, only 50% reported
that the vaginal introitus was adequate for intercourse; 5%
reported homosexual preference, and 38% had no sexual
experience. Based on these data, it seems prudent to per-
form early surgical correction of clitoromegaly but to de-
lay vaginoplasty until adolescence (when the patient can
be expected to assume responsibility for vaginal dilatation
and strict adherence to medical therapy).

The clinical observation of gonadal function as de-
scribed earlier clearly suggests that excess adrenal sex
steroid production is the major contributing factor to go-
nadal dysfunction, menstrual disorders, anovulation, and
infertility in girls with classic CAH. The generally ac-
cepted theory is that the excessive adrenal androgens may
disrupt gonadotropin secretion, leading ultimately to hy-
pogonadism (69, 72, 79, 83).

C. Male Reproductive Function

Several long-term studies indicate that in a majority of
successfully treated male patients with CAH, pubertal de-
velopment, normal testicular function, and normal sper-
matogenesis and fertility occur (5, 68, 69, 92–94). How-
ever, complications of small testes and aspermia have
been reported in some patients with inadequately con-
trolled disease (5, 68, 80, 95). In contrast to this obser-
vation, some investigators have reported normal testicular
maturation and normal spermatogenesis and fertility in pa-
tients who had never received glucocorticoid treatment (5,
78, 93, 96, 97) or in those whose glucocorticoid therapy
was discontinued for several years (5, 93). Thus, male
patients with CAH and excessive adrenal androgens may
have either normal gonadal function or hypogonadism.
The factors resulting in such a disparity in puberty among
patients with the same disorder are not known. Some pa-
tients with normal gonadal function may have nonclassic
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Figure 4 Diagram of CYP21 region on chromosome 6p21.3. CYP21P, 21-hydroxylase pseudogene; C4A and C4B, genes
encoding fourth component of serum complement. The arrow indicates the direction of transcription.

rather than classic CAH (see later). Hormonal studies in
untreated classic patients with normal sexual maturation
have shown either normal or increased gonadotropin pro-
duction (98) or concentrations and follicle-stimulating
hormone excretion (5, 93, 98). Of great interest is that in
these male patients, excess adrenal sex steroids or their
precursor steroids did not seem to affect gonadotropin se-
cretion. Adrenal androgen levels in untreated boys with
normal gonadal function did not appear to be lower than
those patients with gonadal dysfunction in poor control
(5, 68, 95). This suggests that adrenal androgens alone
have no effect on gonadotropin secretion via a negative
feedback mechanism in male patients.

Another frequently reported complication in postpub-
ertal boys with inadequate control of CAH is hyperplastic
nodular testes. Almost all patients with such complications
were found to have adenomatous adrenal rests within the
testicular tissue, as indicated by the presence of specific
11�-hydroxylated steroids in the blood from gonadal
veins (99). These tumors have been reported to be ACTH
dependent and to regress following adequate steroid ther-
apy (100–106).

VI. GENETICS

Studies of families carrying 21-hydroxylase deficiency
have demonstrated that the disease locus is situated in the
HLA major histocompatibility complex on the short arm
of the sixth chromosome (107, 108). Both classic and non-
classic 21-hydroxylase deficiency are transmitted as re-
cessive traits. Characteristic combinations of HLA alleles,
or HLA haplotypes, are associated with different forms of
21-hydroxylase deficiency. The genotype for classic 21-
hydroxylase deficiency results from the presence of two
severely affected alleles. Nonclassic 21-hydroxylase de-
ficiency results from the presence of either two mild 21-
hydroxylase deficiency alleles or one severe and one mild
allele (109).

Based on estimates of its frequency among Ashkenazi
Jews (3%) and all ethnic whites (individuals of mainly
European descent) (1%) (46), it is apparent that nonclassic
21-hydroxylase deficiency is among the most frequent hu-
man autosomal recessive disorders. Molecular genetic
studies have demonstrated that the gene encoding the cy-
tochrome P450 enzyme specific for 21-hydroxylation
(P450c21) is located in the HLA complex between the
genes encoding the transplantation antigens, HLA-B and
HLA-DR. This gene, CYP21, and an inactive homolog or

pseudogene, CYP21P, are immediately adjacent to the
C4B and C4A genes encoding the fourth component of
serum complement (110, 111) (Fig. 4). The protein-en-
coding sequence of CYP21P is 98% homologous to that
of CYP21. The high degree of homology permits two
types of mutation-causing recombination events: unequal
crossing over during meiosis that results in complemen-
tary deletions/duplications of CYP21 (112, 113), and non-
correspondences between the pseudogene and the coding
gene that, if transferred by gene conversion, result in del-
eterious mutations (114).

Approximately 25% of classic 21-hydroxylase defi-
ciency alleles result from deletions of CYP21 (115–117).
The remaining three-quarters of classic alleles are caused
by smaller mutations in CYP21, some of which are de
novo point mutations resulting in amino acid substitutions
(118–121) that significantly disrupt synthesis of the pro-
tein. Nonclassic 21-OHD is associated with conservative
(or mild) amino acid substitutions in highly conserved
portions of the gene encoding the active 21-hydroxylase
(122–124).

In studies evaluating the phenotype–genotype rela-
tionship, there is generally a good correlation between the
severity of the clinical disease and the discrete mutations
observed (118, 125). Recent studies, however, have dem-
onstrated that there is often a divergence in phenotypes
within mutation-identical groups, the reason for which re-
quires further investigation (126, 127).

VII. EPIDEMIOLOGY

Screening studies indicate that the worldwide incidence of
classic 21-OHD is 1:14,199 live births (128), of which
approximately 75% are salt wasters. The frequency of
nonclassic 21-OHD is considerably higher; based on pop-
ulation genetic studies this allelic variant occurs in 1:100
persons in the general white population and in higher fre-
quency among selected ethnic groups, most notably Ash-
kenazi Jews (46). The frequency of 11�-OHD is approx-
imately 1:100,000 live births (129); however, among
Sephardic Jews of northern Morocco the incidence is es-
timated to be between 1:5000 and 1:6000 births (130).

VIII. DIAGNOSIS

Congenital adrenal hyperplasia must be suspected in in-
fants born with ambiguous genitalia. The physician is
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obliged to make the diagnosis as quickly as possible, to
initiate therapy, and to arrest the effects of the enzyme
disorders. The diagnosis and a rational decision of sex
assignment must rely on the determination of genetic sex,
the hormonal determination of the specific deficient en-
zyme, and an assessment of the patient’s potential for fu-
ture sexual activity and fertility. Physicians are urged to
recognize the physical findings of ambiguous genitalia
characteristic of congenital adrenal hyperplasia in new-
borns and to refer such cases to appropriate clinics for full
endocrine evaluation.

As indicated in Table 1, each form of congenital ad-
renal hyperplasia has its own unique hormonal profile,
consisting of elevated levels of precursors and elevated or
diminished levels of adrenal steroid products (20, 21).
Traditionally, laboratory tests have measured the urinary
excretion of adrenal hormones or their urinary metabolites
(e.g., 17-ketosteroids). Collection of 24 h urine excretion
may be difficult, however, and the results in neonates may
often be misleading (21). The development of simple and
reliable radioimmunoassays for circulating serum levels of
adrenal steroids is a significant advance in the laboratory
diagnostic technique (20). The direct serum measurement
of accumulated precursors and oversecreted adrenal ste-
roids, such as 17-hydroxyprogesterone, �4-androstenedi-
one, and dehydroepiandrosterone is now possible, and
more exact hormonal profiles of the different forms of
congenital adrenal hyperplasia have been established (Ta-
ble 1).

A. Hormonal Standards for Genotyping
21-Hydroxylase Deficiency

In our experience, the best diagnostic hormonal test for
21-hydroxylase deficiency has proven to be an ACTH
(Cortrosyn, 0.25 mg) stimulation test measuring the serum
concentration of 17-OHP at 0 and 60 min after intrave-
nous bolus ACTH administration (131). The nomogram
(Fig. 5) provides hormonal standards for assignment of
the 21-hydroxylase genotype: patients whose hormonal
values fall on the regression line within a defined group
are assigned to this group. Because of the diurnal variation
in l7-OHP, an early morning serum concentration of 17-
OHP may be useful as a screening test for genotyping 21-
OHD. In addition, early morning salivary 17-OHP has
proven to be an excellent screening test for the nonclassic
form (132). ACTH stimulation, however, remains the
most definitive diagnostic test (59, 132, 133). It is impor-
tant to note that the ACTH stimulation test should not be
performed during the initial 24 h of life: samples from
this period are typically elevated in all infants and may
yield false-positive results.

Diagnosis of 21-hydroxylase deficiency can also be
made by microfilter paper radioimmunoassay for 17-hy-
droxyprogesterone; this has been useful as a rapid screen-
ing test for congenital adrenal hyperplasia in newborns
(19). This convenient test requires only 20 �l blood, ob-

tained by heel prick and blotted on microfilter paper, to
provide a reliable diagnostic measurement of 17-hydroxy-
progesterone, which is a cortisol precursor that accumu-
lates in elevated concentrations in 21-hydroxylase defi-
ciency. The simplicity of the test and the ease of
transporting microfilter paper specimens through the mail
has facilitated the implementation of many congenital ad-
renal hyperplasia newborn screening programs in the
United States and worldwide.

B. Prenatal Diagnosis and
Prenatal Treatment

1. Prenatal Diagnosis
Since the report by Jeffcoate et al. of the successful iden-
tification of an affected fetus by elevated concentrations
of 17-ketosteroids and pregnanetriol in the amniotic fluid,
investigators have undertaken prenatal diagnosis for con-
genital adrenal hyperplasia by similar measurements of
hormone levels in pregnancy (134–136). The most spe-
cific hormonal diagnostic test for 21-hydroxylase defi-
ciency is amniotic fluid 17-OHP (37, 137–140). �4-
Androstenedione may be employed as an adjunctive
diagnostic assay (139). It has been suggested that elevated
amniotic fluid 21-deoxycortisol may also be a marker for
21-hydroxylase deficiency (141). Amniotic fluid testoster-
one levels may not be outside the normal range in an
affected male (142).

HLA genotyping of amniotic fluid cells is a possible
means of diagnosis but has now been superseded by direct
molecular analysis of the 21-hydroxylase locus. With the
advent of chorionic villus sampling (CVS), evaluation of
the fetus at risk is now possible in the first trimester (9–
11 weeks’ gestation). The fetal DNA is used for specific
amplification of the CYP21 gene utilizing polymerase
chain reaction (PCR) and Southern blotting, which has the
advantage of requiring only small amounts of DNA (126).

2. Prenatal Treatment
Prenatal treatment with dexamethasone can be adminis-
tered in pregnancies at risk for 21-hydroxylase deficiency
(143–147). When properly administered, dexamethasone
is effective in preventing ambiguous genitalia in the af-
fected female. An algorithm for the diagnostic manage-
ment of potentially affected pregnancies is given in Figure
6. The current recommendation is to treat the mother with
a pregnancy at risk for 21-hydroxylase deficiency with
dexamethasone at a dosage of 20 �g/kg divided into three
doses daily (147).

Institution of such therapy prior to 10 weeks gesta-
tion, before onset of adrenal androgen secretion, would
effectively suppress adrenal androgen production and al-
low normal separation of the vaginal and urethral orifices,
in addition to preventing clitoromegaly. Obviously, if dex-
amethasone is to be administered at such an early date,
treatment is blind to the status of the fetus. If the fetus is
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Figure 5 Nomogram relates baseline to ACTH-stimulated serum concentrations of 17-hydroxyprogesterone (17-OHP). The
scales are logarithmic. A regression line for all data points is shown. (Data from Department of Pediatrics, New York Hospital–
Cornell Medical Center, 1982–1991.)
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Figure 6 Algorithm depicts prenatal management of pregnancy in families at risk for a fetus with 21-hydroxylase deficiency.
(From Ref. 147.)

determined to be a male upon karyotype or an unaffected
female upon DNA analysis, treatment is discontinued.
Otherwise, treatment is continued to term.

Between 1986 and 1999 prenatal diagnosis and treat-
ment of CAH due to 21-OHD was carried out in over 400
pregnancies in The New York Presbyterian Hospital–
Weill Medical College of Cornell University, of which 84
babies had classic 21-OHD. Of these, 52 were females,
36 of whom were treated prenatally with dexamethasone.
Dexamethasone administered at or before 10 weeks of
gestation was effective in reducing virilization thus,
avoiding postnatal genitoplasty (148). No significant or
enduring side effects were noted in either the mothers
(other than weight gain greater than that in untreated
mothers) or the fetuses. Specifically, no cases have been
reported of cleft palate, placental degeneration, or fetal
death, which have been observed in a rodent model of in
utero exposure to high-dosage glucocorticoids (149). An-
other study, in contrast, noted significant maternal side
effects in a few cases including excessive weight gain,

cushingoid facial features, severe striae resulting in per-
manent scarring, and hyperglycemic response to oral glu-
cose administration (150).

A long term follow-up study of 44 children treated
prenatally in Scandinavia demonstrated normal pre- and
postnatal growth compared to matched controls (151). In
the experience of the Weill Medical College of Cornell
University–New York Presbyterian Hospital, prenatally
treated newborns also did not differ in weight, length, or
head circumference from untreated, unaffected newborns.
Therefore, we believe that proper prenatal treatment of
fetuses at risk for CAH can be considered effective and
safe. Long-term studies on the psychological development
of patients treated prenatally are currently underway.

A recent study has shown the efficacy of prenatal
treatment in 11�-OHD CAH. In 1999, Cerame et al. re-
ported the first prenatal diagnosis and treatment of an af-
fected female with 11�-OHD CAH (152). The treatment
was successful, as the newborn had normal female exter-
nal genitalia.
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IX. TREATMENT

In cases of ambiguous genitalia caused by congenital ad-
renal hyperplasia, appropriate surgical repair may be made
once a sex assignment has been made based on a reliable
diagnosis of the underlying enzyme disorder. In female
pseudohermaphroditism caused by 21- or 11�-hydroxy-
lase deficiency, the aim of surgical repair should be to
remove the redundant erectile tissue, preserve the sexually
sensitive glans clitoris, and provide a normal vaginal or-
ifice that functions adequately for menstruation, intromis-
sion, and delivery (153). Because of the normal internal
genitalia in these patients, normal puberty, fertility, and
childbearing are possible when there is early therapeutic
intervention.

The aim of endocrine therapy is to replace the defi-
cient hormones. In 21- and 11�-hydroxylase deficiencies,
replacing cortisol both corrects the deficiency in cortisol
secretion and suppresses ACTH overproduction. Proper
replacement prevents excessive stimulation of the andro-
gen pathway, preventing further virilization and allowing
normal growth and a normal onset of puberty.

Better understanding of the role of the renin–angio-
tensin system in congenital adrenal hyperplasia has made
better therapeutic control of this condition possible. In ad-
dition to hypothalamic–pituitary regulation of adrenal ste-
roidogenesis, the renin–angiotensin system exerts a pri-
mary influence on the adrenal secretion of aldosterone.
The juxtaglomerular apparatus of the kidney secretes the
enzyme renin in response to the state of electrolyte bal-
ance and plasma volume. Renin initiates a series of re-
actions that produce angiotensin II, which is a potent stim-
ulator of aldosterone secretion (154).

Although aldosterone levels are not deficient in the
simple virilizing form of 21-hydroxylase deficiency,
plasma renin activity is commonly elevated in the simple
virilizing as well as in the salt-wasting forms (155). De-
spite elevated plasma renin activity, it has not been cus-
tomary to supplement conventional glucocorticoid re-
placement therapy with the administration of salt-retaining
steroids in cases of simple virilizing 21-hydroxylase de-
ficiency. However, Rosler et al. have demonstrated that
adding salt-retaining hormone to glucocorticoid therapy in
patients with classic simple virilizing CAH with elevated
plasma renin activity in fact improves hormonal control
of the disease (156). When plasma renin activity was nor-
malized by the addition of 9-fludrocortisone acetate, a
salt-retaining steroid, the ACTH level also fell and exces-
sive androgen secretion decreased. The addition of salt-
retaining steroids to the therapeutic regimen often made
possible a decrease in the glucocorticoid dosage. Nor-
malization of plasma renin activity also resulted in im-
proved statural growth.

Steroid radioimmunoassay methods have been an as-
set not only for the initial diagnosis of congenital adrenal
hyperplasia but also for improved monitoring of hormonal
control once therapy has been instituted. Studies indicate

that serum 17-hydroxyprogesterone and androstenedione
levels provide the most sensitive index of biochemical
control. In girls and prepubertal boys (but not in newborn
and pubertal boys), the serum testosterone level is also a
useful index (20). The combined determination of plasma
renin activity, 17-hydroxyprogesterone, and serum andro-
gens, as well as the clinical assessment of growth and
pubertal development, must all be considered in adjusting
the dosage of glucocorticoid and salt-retaining steroid. Re-
cently, 3�-androstenediol (3AG) has been proposed as a
useful serum metabolic marker of integrated adrenal an-
drogen secretion in CAH patients. However, whether se-
rum 3AG determinations would be useful for therapeutic
monitoring of CAH requires further long-term study
(157). Both in our clinic and in others, combinations of
hydrocortisone and 9�-fludrocortisone acetate have
proven to be highly effective treatment modalities (158).
Monitoring of plasma renin activity is also a useful index
of hormonal control in other forms of congenital adrenal
hyperplasia.

X. CONCLUSION

Abnormalities of sexual differentiation and development,
often in combination with hypertension (as in 11�-hy-
droxylase deficiency) or severe salt wasting (associated
with 21-hydroxylase and 3�-hydroxysteroid dehydroge-
nase deficiency), are clinical hallmarks of congenital ad-
renal hyperplasia. The pathophysiology can be traced to
discrete, inherited defects in the genes encoding enzymes
for adrenal steroidogenesis. Treatment of CAH is targeted
to replace the hormones produced in insufficient quantity.
With proper hormone replacement therapy, normal and
healthy development may often be expected. Radioim-
munoassay of serum and urinary steroid levels permits
reliable diagnosis of the various forms of congenital ad-
renal hyperplasia. Prenatal diagnosis and therapy are pos-
sible in 21-hydroxylase deficiency, and recently has been
shown to be successful in the treatment of 11�-hydroxy-
lase deficiency as well.

The most common form of CAH, 21-hydroxylase de-
ficiency, has served as a prototype for examination of the
molecular genetic basis of phenotypic diversity. Similar
studies in other enzymatic defects are now in progress.
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I. THE CATECHOLAMINES

Catecholamines are produced by various neuroendocrine
tumors mainly by pheochromocytoma, neuroblastoma,
ganglioneuroma, and ganglioneuroblastoma. The cate-
cholamines, norepinephrine and epinephrine, are produced
by the sympathoneuronal and adrenomedullary systems.
Levels of both catecholamines can be nonspecifically el-
evated during a variety of physiological conditions or
pathological states that reflect activation of sympathoneu-
ronal and sympathomedullary systems (e.g., emotional
stress, physical activity, eating, fever). Also, pheochro-
mocytomas or other chromaffin cell tumors secrete
catecholamines episodically; between episodes, plasma
levels or urinary excretion of catecholamines may be nor-
mal. Thus, commonly utilized tests of plasma or urinary
catecholamines and their urinary metabolites do not al-
ways exclude or confirm the presence of a tumor (1–3).
A more recently developed biochemical test in our labo-
ratory involving high-performance liquid chromatographic
(HPLC) measurements of plasma free metanephrines, the
O-methylated metabolites of catecholamines, offers ad-
vantages over other tests for diagnosis of pheochromo-
cytoma (4, 5). Plasma levels of the adrenomedullary hor-
mones epinephrine and metanephrine are higher in
children than in adults and higher in boys than in girls
(75), possibly due to the suppressive effect of sex steroids,
particularly estrogen, on adrenomedullary function (6–8,
75). Therefore, age- and gender-specific reference ranges

should be used for evaluation of sympathoadrenal func-
tion or catecholamine-producing tumors.

A. Pathways of Catecholamine Synthesis and
Metabolism

Tyrosine hydroxylase is the rate-limiting enzyme in cat-
echolamine biosynthesis and catalyzes the conversion of
tyrosine to 3,4-dihydroxyphenylalanine (DOPA) (Fig. 1)
(9). DOPA is converted to dopamine by L-aromatic amino
acid decarboxylase. The presence of the intravesicular en-
zyme, dopamine �-hydroxylase, leads to conversion of
dopamine to norepinephrine. In the presence of the en-
zyme, phenylethanolamine N-methyltransferase (PNMT);
(localized in adrenomedullary chromaffin cells, or pheo-
chromocytoma cells producing epinephrine) epinephrine
is generated (10, 11).

Norepinephrine and epinephrine are metabolized by
multiple enzymes, including monoamine oxidase (MAO),
catechol-O-methyltransferase (COMT), and sulfotransfer-
ase (12–14). From a diagnostic point of view, the most
important pathway of catecholamine metabolism involves
COMT-catalyzed O-methylation of norepinephrine to nor-
metanephrine and epinephrine to metanephrine (15–18).
Another metabolite, vanillylmandelic acid (VMA), is the
principal end-product of norepinephrine and epinephrine
metabolism in humans. VMA is formed in the liver,
mainly from hepatic extraction of circulating dihydroxy-
phenylglycol and 3-methoxy-4-hydroxyphenylglycol. All
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Figure 1 Pathways of norepinephrine and epinephrine metabolism.

catecholamines and their metabolites (with the exception
of VMA) are converted to sulfate conjugates, which rep-
resent other end-products of catecholamine metabolism.

B. Production of Metanephrines Within
Chromaffin Tissue

In contrast to catecholamines, the metanephrines are rel-
atively poor markers of sympathoadrenal activation (16,
18). This makes the metanephrines less prone to false-
positive results in physiological and pathological states
associated with sympathoadrenomedullary activation. Fur-
thermore, plasma free metanephrines are constantly pro-
duced by the actions of COMT on catecholamines leaking
from storage vesicles within tumors and are relatively in-
dependent of catecholamine secretion. Therefore, mea-
surements of plasma metanephrines show larger and more
consistent increases above normal than plasma catechol-
amines in patients with pheochromocytoma, and appear
to exclude reliably the presence of all but the smallest of
pheochromocytomas.

II. PHEOCHROMOCYTOMA

Pheochromocytomas arise in about 90% of cases from ad-
renomedullary tissue and in about 10% of cases from

extra-adrenal chromaffin tissue (paragangliomas). Para-
gangliomas arise from chromaffin tissue in the abdomen
along great vessels, most commonly around the aorta be-
low the diaphragm and at the origin of the inferior mes-
enteric artery (organ of Zuckerkandl) (19).

Although pheochromocytomas are the most common
endocrine tumors in children, they account for only 5–10%
of all pheochromocytomas with an incidence of 2 per mil-
lion (20, 21). In children, pheochromocytomas are fre-
quently familial (9–50%), extra-adrenal (8–43%), bilateral
adrenal (7–53%), and multifocal (22, 23). Childhood pheo-
chromocytomas peak at 10–13 years with a male predom-
inance before puberty (22–24). Less than 10% of pediatric
pheochromocytomas are malignant (22, 23, 25, 26) with
reported mean survival rates of 73% at 3 years and 40–
50% at 5 years after diagnosis (27, 28). Recurrent pheo-
chromocytomas are rare in children but recurrent tumors
may appear years after initial diagnosis, emphasizing the
importance of close long-term follow up (26).

A. Clinical Presentations

The presence of pheochromocytoma in children is char-
acterized by clinical signs and symptoms that result from
various actions of circulating catecholamines, including
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Table 1 Signs and Symptoms of
Pheochromocytoma in Children

Sign/symptom %

Hypertension 82
Headache 81
Sweating 36–68
Palpitations 34–45
Weight loss 44
Pallor/flushing 11–36
Nausea/emesis 27–56
Polyuria 25

Adapted from Refs. 24, 26, and 31.

norepinephrine, epinephrine, and dopamine (Table 1). In
contrast to adult patients in whom sustained hypertension
is found in only 50% of cases, more than 70–90% of
children present with sustained hypertension (21, 22, 26).
Pheochromocytoma is the underlying cause in 1–2% of
cases of pediatric hypertension and should be considered
after exclusion of the more common causes such as renal
diseases and renal artery stenosis (23). Pheochromocyto-
mas secreting epinephrine may also present with hypoten-
sion, particularly postural hypotension (29). Sweating, vi-
sual problems, weight loss, nausea, and vomiting are more
common in children than in adults (30) as are polyuria
and polydypsia. In addition, children commonly present
with palpitations, anxiety, and hyperglycemia (31). Other
signs of catecholamine excess are pallor and flushing (31).
As summarized by Manger and Gifford (31) occasionally
some children present with a reddish blue mottling of the
skin and a puffy red and cyanotic appearance of the hands.
Less frequent clinical manifestations include fever and
constipation. As with adult patients, the presence of the
triad of headache, palpitations, and sweating in children
in combination with hypertension should arouse immedi-
ate suspicion of a pheochromocytoma. Pheochromocy-
toma spells may last from a few seconds to several hours,
with intervals between attacks varying widely and occur-
ring as infrequently as once every few weeks or months.
The occurrence of attacks is unpredictable since they often
occur at rest. However, some are always associated with
physical activity, trauma, by direct stimulation of tumor
(e.g., urinary bladder distention), or after using certain
drugs or taking food (e.g., tyramine in chocolate). Un-
usual symptoms related to paroxysmal blood pressure el-
evation or sudden arrhythmia during diagnostic proce-
dures (e.g., endoscopy, catheterization), or anesthesia
should promptly arouse a suspicion of pheochromocy-
toma. Malignant pheochromocytoma may present with
pain due to bone metastatic lesions. In children, the dif-
ferential diagnosis includes renal diseases, renal artery ste-
nosis, coarctation of the aorta, and, less commonly, panic/

anxiety disorders, ‘‘autonomic epilepsy,’’ cluster or
migraine headache, hyperthyroidism, and side effects of
medications or dietary supplements (32–34).

B. Biochemical Diagnosis of
Pheochromocytoma

Biochemical diagnosis of different types of pheochromo-
cytomas is based on measurements of plasma and urine
catecholamines and metanephrines. Plasma free meta-
nephrines have been shown to be the single most reliable
biochemical test for the detection or exclusion of pheo-
chromocytoma in adults (35) and children (75) with a sen-
sitivity of 97–100% and specificity of 80–96%. Mea-
surements of 24 h urinary excretion of fractionated
metanephrines performed by modern HPLC methods is
another sensitive tool for detection of pheochromocytoma
although this test is less specific than measurement of
plasma free metanephrines. Reliable 24 h urine collections
may be difficult to obtain in children and the commonly
used attempt to correct urinary results for creatinine ex-
cretion adds another confounder due to creatinine’s de-
pendence on diet (36), muscle mass (37), physical activity
(38), and diurnal variation (39). Therefore, measurements
of plasma free metanephrines under standardized condi-
tions with the use of age- and gender-specific reference
ranges appear to be the biochemical test of choice for
detecting childhood pheochromocytoma. Patients should
be instructed to abstain from caffeinated foods and drinks
for at least 24 h and to avoid acetaminophen, which in-
terferes with the normetanephrine assay, for at least 5 days
prior to the blood draw. After an overnight fast (water
permitted), the blood sample should be drawn through an
indwelling intravenous cannula with the subjects rested in
supine position for at least 20 min after insertion of the
cannula.

Metastatic pheochromocytomas are often character-
ized by high tissue, plasma, and urinary levels of DOPA
and dopamine (40–45). Elevations in plasma or urinary
DOPA and dopamine are not in themselves particularly
sensitive or specific markers of benign or metastatic pheo-
chromocytoma. However, when accompanied by eleva-
tions in plasma norepinephrine or other clinical evidence
of pheochromocytoma, such elevations should arouse im-
mediate suspicion of metastatic disease.

Rarely in children, when the diagnosis of pheochro-
mocytoma is questionable (e.g., only slight or moderate
elevation of plasma free metanephrines are present) ad-
ditional tests such as clonidine or glucagon tests may be
necessary. If a norepinephrine-producing tumor is sus-
pected, we suggest using the clonidine test coupled with
measurements of plasma free normetanephrine. The cli-
nician must be aware of the possibility of a rapid and
marked increase in blood pressure and heart rate after glu-
cagon, and hypotension and bradycardia after clonidine
administration.
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C. Localization

A variety of conventional imaging techniques are avail-
able for localization of a pheochromocytoma (for review,
see [5]). These techniques include computed tomography
(CT), magnetic resonance imaging (MRI), and scintigra-
phy after administration of 131I- or 123I-labeled meta-
iodobenzylguanidine (MIBG). In children, more than 90%
of pheochromocytomas are localized in the abdomen,
therefore, imaging studies should be directed to this part
of the body. Although CT localizes about 95% of pheo-
chromocytomas, MRI is the preferred imaging modality
in children to avoid radiation exposure. Furthermore, MRI
is superior to CT in detecting extra-adrenal tumors and
familial adrenal pheochromocytoma due to the tumor’s
typical appearance on T2-weighted image. Both CT and
MRI have poor specificity ranging from 65 to 75%. In
some cases, ultrasound is sufficient to locate pheochro-
mocytomas in children.

When pheochromocytoma is highly suspected by ei-
ther positive biochemical results or by both imaging stud-
ies and positive biochemistry, MIBG is used to confirm
the presence of pheochromocytoma (in some European
medical centers, MIBG is used as the first imaging mo-
dality in patients with biochemically proven pheochro-
mocytoma). The specificity of MIBG is 95–100% but this
technique is not sensitive (sensitivity: 78–83%). Currently
only 131I-MIBG is available at most academic medical
centers in the United States (46). 123I-MIBG offers supe-
rior image quality and seems to be especially useful for
detecting recurrent or metastatic pheochromocytoma, tu-
mors with fibrosis or distorted anatomy, and tumors in
unusual locations (47–49). In addition, the biological
half-life of 123I is shorter than of 131I, resulting in a favor-
able decrease in radiation exposure.

Other imaging modalities that can be used in children
to locate pheochromocytoma are octreotide scintigraphy
(50) and positron emission tomography (PET), using
[18F]fluorodeoxyglucose, [11C]hydroxyephedrine, [11C]epi-
nephrine and recently, 6-[18F]fluorodopamine (51–53). Our
preliminary results show that 6-[18F]fluorodopamine PET
scanning can detect and localize pheochromocytoma, not
only as a primary tumor in the adrenal gland but also as a
recurrent extra-adrenal or metastatic tumor and that it is
superior to MIBG scanning.

D. Treatment of Pheochromocytoma

The first-line treatment of pheochromocytoma in children
is surgical excision of the tumor. To prevent perioperative
complications due to massive outpouring of catechol-
amines from the tumor, preoperative pharmacological
blockade of catecholamine effects and synthesis is re-
quired (54). Routinely used pharmacological agents in-
clude phenoxybenzamine, an �1-adrenoceptor noncom-
petitive antagonist, that opposes catecholamine-induced
vasoconstriction and propranolol, atenolol, or metoprolol

as �-adrenoceptor blockers that oppose catecholamine-in-
duced arrhythmia and the reflex tachycardia (5, 23, 26,
55). Beta-blockade alone is contraindicated because it
does not prevent and can actually augment effects of cat-
echolamines at �-adrenoceptors. The average oral dosage
of phenoxybenzamine in children is between 20 and 50
mg/day given at 6–8 h intervals. To reach adequate pre-
operative blockade, phenoxybenzamine may be increased
until orthostatic hypotension is present or mean arterial
pressure is normalized (56, 57). However, several reports
questioned this approach, finding no correlations between
duration of preoperative treatment and the dosage of �-
blockers and intraoperative cardiovascular instability (58).
The average dosage of atenolol in children is 20–60 mg/
day divided into two or three doses. Side effects of phen-
oxybenzamine include postural hypotension, reflex tachy-
cardia, nasal congestion, and sedation. Atenolol can
mainly cause bradycardia and sedation. If hypertensive
crisis occurs, as with adult patients, an intravenous bolus
of 5 mg phentolamine (Regitine) is the treatment of
choice. Phentolamine has a very short half-life; if neces-
sary, the same dose can be repeated every 2 min until
hypertension is adequately controlled. As an alternative,
phentolamine may be given as continuous infusion (100
mg of phentolamine in 500 ml 5% dextrose in water). �-
Methyl-para-tyrosine (metyrosine, Demser), a competi-
tive inhibitor of tyrosine hydroxylase is routinely admin-
istered preoperatively in some institutions (the starting
dosage is usually 250 mg twice to four times a day) and
may be tried in patients in whom elevated blood pressure
and arrhythmia cannot be controlled by using �- and �-
blockade. At some other centers, calcium channel blockers
are used as a primary drug to control hypertension (1, 23,
29). Significant hypovolemia should be corrected by peri-
operative administration of intravenous fluids to avoid hy-
potension. Since children have a higher risk of catechol-
amine-induced pulmonary edema, fluid replacement
should not exceed 10 cc/kg/h (57). Pressor agents are not
usually effective in the presence of severe and persistent
hypovolemia. Children should also be monitored for hy-
poglycemia up to 48 h after surgery (catecholamines block
insulin release via �-adrenoceptors).

Surgical removal of intra-adrenal pheochromocyto-
mas in children is usually successfully carried out by
laparoscopy, a procedure that minimizes catecholamine-
induced hemodynamic changes during operation, postop-
erative morbidity, hospital stay, and expenses compared
to conventional transabdominal adrenalectomy (59). In
children with familial pheochromocytoma that carries a
higher risk for bilateral adrenal involvement, prophylactic
adrenalectomy of the contralateral side is not recom-
mended. When metastatic disease is present, medical
treatment is the initial treatment of choice.

After surgical removal of a pheochromocytoma,
yearly follow-up evaluations for assessment of recurrence
are recommended for at least 5 years and should include
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Figure 2 Duplication of mutant RET in trisomy 10 in MEN
2-related pheochromocytoma. Pheochromocytoma tumor
cells are shown in gray color. The dot signals are FISH
markers for chromosome 10. Each tumor cell has trisomy 10.
C, cousin; Pt2, patient; N, normal tissue; 2A and 2B, pheo-
chromocytoma; 1–3 are allels with allel 2 being the inherited,
mutant RET allele shared by cousin C and patient Pt2. (Mod-
ified from Ref. 71.)

measurements of plasma free metanephrines. Children
with familial pheochromocytoma should undergo annual
screening indefinitely. If plasma free metanephrine levels
are elevated, urine metanephrines and plasma and urine
catecholamines may be measured to confirm the presence
of the tumor. If recurrent or metastatic pheochromocytoma
is suspected, imaging studies should be initiated. Children
with familial pheochromocytoma should undergo at least
annual screening.

In the presence of metastatic and therefore incurable
disease, drug therapy is the first-line treatment with the
goal of controlling cardiovascular effects and complica-
tions related to catecholamine excess. Malignant pheo-
chromocytoma requires more aggressive treatment includ-
ing chemotherapy, MIBG therapy, octreotide therapy,
external radiation, and in some cases embolization of the
tumor. However, fewer than 40% of patients with meta-
static pheochromocytoma respond (mostly partial remis-
sion) to these currently used therapeutic modalities such
as MIBG or chemotherapy. Therefore, most children are
only treated when the quality of their life is affected by
catecholamine excess or metastatic lesions that are ag-
gressive and affect local surrounding tissue. Clinicians us-
ing the above therapies, particularly chemotherapy, should
be aware of potentially fatal complications arising from
excessive catecholamine release as tumor cells are de-
stroyed (usually within the first 24 h). With the use of
MIBG, a major complication is bone marrow suppression,
usually 4 weeks after initiation of therapy.

III. MULTIPLE ENDOCRINE NEOPLASIA
SYNDROMES

Multiple endocrine neoplasia (MEN) syndromes are fa-
milial disorders inherited in an autosomal dominant pat-
tern with high penetrance but variable expressivity. MEN
syndromes are subclassified into MEN 1, MEN 2, and
Carney complex. These rare disorders are characterized
by hyperplasia or tumor involving more than one endo-
crine gland.

A. Multiple Endocrine Neoplasia 2A
(Sipple Syndrome)

MEN 2A was first described in 1961 by Sipple and is
defined by the occurrence of medullary thyroid carcinoma
(MTC), pheochromocytoma (affecting about 50% of pa-
tients), and hyperparathyroidism caused by parathyroid
gland hyperplasia (affecting about 20% of patients) (60–
63). There is also familial MTC characterized by heredi-
tary MTC without other associated endocrinopathies (al-
though adrenomedullary hyperplasia secondary to a
germline RET mutation may still be present but undi-
agnosed). Familial MTC belongs genotypically to MEN
2A. Rare variants of MEN 2A represent MEN 2A asso-
ciated with cutaneous lichen amyloidosis and MEN 2A or

familial medullary thyroid carcinoma associated with
Hirschprung’s disease (64–67).

MEN 2A accounts for the majority of MEN 2 cases.
In general, MEN 2 affects about 1:40,000 individuals, and
there are less than 1000 kindreds worldwide. The gene
responsible for MEN 2 is a proto-oncogene called RET
(68). In contrast to MEN 1, RET is specifically expressed
in neural-crest-derived cells, such as the calcitonin-pro-
ducing C-cells in the thyroid gland and the catecholamine-
producing chromaffin cells in the adrenal gland. Whether
it is also expressed in the parathyroid glands, remains to
be ascertained, especially when considering the low rate
of hyperparathyroidism in patients with MEN 2A and the
lack of hyperparathyroidism in MEN 2B, although both
conditions are caused by mutations in the RET gene. RET
plays a role in normal gastrointestinal neuronal and kidney
development as exemplified by the RET knockout mouse,
which has a Hirschprung-like phenotype and renal dys- or
agenesis (69, 70). RET is located on chromosome 10q11.2
and encodes a receptor tyrosine kinase, RET protein. As
an oncogene, activation of RET leads to hyperplasia of
target cells in vivo. Subsequent secondary events then lead
to tumor formation (Fig. 2) (71–74). RET consists of 21
exons with six so-called ‘‘hot spot exons’’ (exons 10, 11,
13–16) in which mutations are identified in 97% of pa-
tients with MEN 2. RET germline mutation screening is
commercially available (http://endocrine.mdacc.tmc.edu;
Mayo Clinic, Rochester, MN) and has widely replaced the
cumbersome provocative testing of calcitonin stimulation
(with calcium and/or pentagastrin). It has been notoriously
unreliable in children, since for this population the normal
range of basal and stimulated calcitonin is still unknown.
The normal range for catecholamines including meta-
nephrines in children with and without pheochromocy-
toma and/or adrenal medullary hyperplasia has likewise
only recently been elucidated (75). Hyperplasia of C-cells
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in the thyroid gland or the adrenal medulla has been iden-
tified as precursor lesion for MTC or pheochromocytoma
(76, 77).

The inaccuracy of calcitonin stimulation testing in the
diagnosis of MTC has been demonstrated by results of
prophylactic thyroidectomy carried out based on positive
RET germline mutation testing. Fifty percent of patients
with a negative pentagastrin test but positive for a RET
germline mutation had already developed MTC. This led
to the recommendation to perform prophylactic thyroid-
ectomy with lymph node dissection around age 5, if mu-
tation testing of RET is positive (66, 78–88). Hyperplasia
of C-cells has been observed in RET gene mutation car-
riers (MEN 2A) as young as 3 years. In children with
MEN 2B, metastatic MTC has been described shortly af-
ter birth (89, 90). Therefore, prophylactic thyroidectomy
in children with MEN 2B is recommended at an earlier
age than in children with MEN 2A RET mutations. Al-
though provocative calcitonin testing is nowadays not rec-
ommended in children with MEN 2A identified by a RET
germline mutation, determination of calcitonin plasma
levels can be used as a follow-up parameter, as they are
indicative of tumor mass. Upon presentation in early
childhood, there is usually no abnormal finding on phys-
ical examination or ultrasound in patients with MEN 2A.
If RET germline mutation testing or the family history is
positive for MEN 2, a neck computed or magnetic reso-
nance tomogram (baseline) for evaluation of already de-
veloped metastases from MTC should be performed.

Before any surgery including prophylactic thyroid-
ectomy in children with MEN 2, a search for pheochro-
mocytoma should be undertaken by measuring plasma
free metanephrines. Pheochromocytoma (at least 70% are
bilateral) develops on the grounds of adrenomedullary hy-
perplasia secondary to a RET germline mutation, and be-
comes manifest (e.g., biochemically or on imaging) in
about 50% of patients. The peak age is around age 40 but
children as young as age 10 can be affected (91, 92).
Thus, annual surveillance for plasma and urine catechol-
amines and metanephrines is recommended after age 6.
Based on our recent studies and recommendations, we
suggest measuring plasma free metanephrines (93). Pa-
tients with MEN 2-related pheochromocytoma are often
normatensive (occurs only in about 50%) and have beta-
adrenergic symptoms including palpitations and tachycar-
dia. When catecholamine levels are abnormally increased,
CT and/or MRI plus MIBG scintigraphy should be per-
formed (5). MEN2-related pheochromocytomas can be lo-
cated extra-adrenally but are rarely malignant (<25%) (77,
94, 95). If a pheochromocytoma is localized, adrenalec-
tomy should be performed, if possible by laparoscopy (de-
pending on tumor size), after appropriate preoperative
blockade as discussed earlier.

Fewer than 25% of patients with MEN 2A develop
frank hyperparathyroidism indicated by an inappropriately
elevated serum calcium level compared to parathyroid

hormone. However, this condition rarely occurs in child-
hood and nowadays is especially less diagnosed in pro-
phylactically thyroidectomized children [96]. Reasons for
this low prevalence and the discrepancy with MEN 2B,
which is also caused by mutations in RET (more ‘‘severe’’
mutations in exon 16), are unclear. Authorities recom-
mend measurement of the serum calcium concentration
every other year after age 10 for early diagnosis (91, 96,
97).

The cutaneous skin lesions in MEN 2A have been
observed in fewer than 16 kindreds and occur over the
upper part of the back. Pruritus is the first symptom pre-
ceding visible lesions with lichenoid–papular appearance
for years. In more advanced lesions, amyloid deposits are
found (64).

B. Multiple Endocrine Neoplasia 2B

MEN 2B represents about 5% of all MEN 2 cases and is
defined by the presence of MTC, pheochromocytoma, and
associated abnormalities including mucosal neuromas
(within the lips, gastrointestinal tract, on the tongue tip
and eyelids), medullated corneal nerve fibers, and marfan-
oid habitus (61, 98). In contrast to Marfan’s syndrome,
however, patients with MEN 2B do not have lens or aortic
abnormalities. Mucosal neuromas within the lips often
give patients a ‘‘blubbery/bumpy lip look.’’ Physical ex-
amination is remarkable for these associated abnormali-
ties. For instance, slit lamp examination may reveal med-
ullated, hypertrophied corneal nerves. Often, patients have
an acromegaloid appearance. Intestinal ganglioneuroma-
tosis may cause diarrhea alternating with constipation or
even obstruction.

In contrast to patients with MEN 2A, patients with
MEN 2B do not have hyperparathyroidism, although
MEN 2B is also caused by germline mutations of RET
(99). These mutations affect exons 15 and 16, coding for
the intracellular tyrosine kinase domain of RET protein.
This molecular difference with MEN 2A supposedly leads
to autophosphorylation without dimerization and may ex-
plain why patients with MEN 2B present at an earlier age
with MTC and/or pheochromocytoma. It remains puz-
zling, however, why hyperparathyroidism only rarely oc-
curs in MEN 2B. Authorities recommend total thyroid-
ectomy and central lymph node dissection within the first
6 months of life for children with MEN 2B (RET germline
mutations in codons 883, 918, and 922), since metastases
from MTC may develop within the first year of life (89,
90). Also, pheochromocytoma in patients with MEN 2B
occurs at an earlier age than in MEN 2A. Clinical man-
agement of MTC and/or pheochromocytoma is otherwise
identical in MEN 2A and MEN 2B. An important finding
is that about 7% of patients with apparently sporadic MTC
have germline mutations in RET, making it reasonable to
perform RET mutation analysis in all patients with MTC
(100–102).
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C. Von Hippel-Lindau Syndrome

Von Hippel-Lindau (VHL) is another autosomal dominant
inherited tumor syndrome with pheochromocytoma (VHL
type II) or without pheochromocytoma (VHL type I) (103,
104) that may occur in children. Apart from pheochrom-
ocytoma, major tumors in VHL disease include renal cell
carcinoma, hemangioblastoma, neuroendocrine pancreatic
tumors, and endolymphatic sac tumors (105, 106). All
children with familial, multiple or early onset of pheo-
chromocytoma should be examined for VHL disease,
which has variable expression and age and tumor-depen-
dent penetrance. Pheochromocytoma occurs in about 10%
of VHL patients and is the presenting manifestation in
about 5% of cases (107, 108). However, there are large
interfamilial variations, with some families having pheo-
chromocytoma as the most frequent complication of VHL
disease (107, 108). Children with VHL syndrome who
underwent unilateral adrenalectomy for pheochromocy-
toma need lifelong follow-up to diagnose recurrence or
another pheochromocytoma in a timely fashion on the
contralateral side. In contrast to pheochromocytomas of
children with MEN 2 (so-called adrenergic), VHL-asso-
ciated pheochromocytomas have more of a so-called nor-
adrenergic phenotype. MEN-2-related pheochromocyto-
mas frequently possess all the enzymes to synthesize
catecholamines from tyrosine to epinephrine, whereas less
differentiated pheochromocytomas including those in
VHL disease lack the enzymes involved in the final cat-
echolamine biosynthesis pathway (109). Thus, symptoms
and signs of patients with VHL-related pheochromocy-
toma are related to norepinephrine excess, including hy-
pertension. Metastatic pheochromocytoma is more com-
mon in patients with VHL disease than MEN 2 and
neurofibromatosis type 1 (NF1). The diagnostic algorithm
is the same as in other patients with pheochromocytoma
and is commented on in other parts of this chapter (5).

The VHL tumor suppressor gene is located on chro-
mosome 3p25-26. The cloned coding sequence comprises
three exons. Most patients with VHL-associated pheo-
chromocytoma have missense mutations (110–112).
There are genotype-specific VHL phenotypes (106). Foun-
der effects may explain regional prevalence rates, for ex-
ample, the Black Forest area in southern Germany with
the missense mutation tyrosine to histidine at codon 98
(Tyr98His) and subsequent high risk of pheochromocy-
toma (94, 113, 114). VHL missense mutations may have
tissue-specific effects (113). A so-called second hit is re-
quired in patients with VHL germline mutations in order
to develop pheochromocytoma (115).

The VHL gene product forms a stable complex with
the highly conserved transcription elongation factors elon-
gin B and elongin C, which regulate RNA polymerase II
elongation. Formation of this heterotrimeric complex with
elongin B and C appears to be the tumor-suppressor func-
tion of the VHL gene, since the majority of tumor-predis-
posing mutations of VHL disrupt the formation of this

complex (81, 116, 117). Normal VHL protein function
leads to degradation of a proteasome complex (118).

D. Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is the most common fa-
milial cancer syndrome predisposing to pheochromocy-
toma and affects about 1:4000 individuals. The risk of
pheochromocytoma in NF1, however, is small, about 1%
(119, 120). NF1 is inherited in an autosomal dominant
manner with variable expression. Fifty percent of patients
have new mutations and mutation analysis is cumbersome
because of the large gene size (11 kb of coding sequence).
Pheochromocytoma in patients with NF1 is rarely seen in
children since it usually occurs at a later age (around age
50). Only 12% of NF1 patients are diagnosed with bilat-
eral and multifocal pheochromocytomas and fewer than
6% of patients have metastatic pheochromocytoma (121).

The NF1 gene is a tumor-suppressor gene mapping
to chromosome 17q11.2. Patients with NF1-associated
pheochromocytoma show loss of the wild type allele (122)
following Knudson’s two-hit hypothesis. Neurofibromin,
the NF1 gene product, bears homology to the ras/GTPase-
activating protein (GAP) (73). P21-ras/GAP increases the
rate of intrinsic GTP hydrolysis in the small G proteins,
the ras genes, thereby mediating the return of the G pro-
tein switch to the off GDP-bound form. By this mecha-
nism, signal transduction is controlled via the ras path-
ways.

E. Familial Pheochromocytoma

Familial pheochromocytoma is usually inherited in an au-
tosomal dominant manner. However, detailed investiga-
tion may reveal subclinical evidence of VHL disease or
MEN 2 (123, 124). VHL germline mutations in the ab-
sence of other features of VHL disease have been detected
by molecular genetic screening for VHL and RET muta-
tions in familial pheochromocytoma (81, 110). Recently,
germline mutations in the SDHD gene have been found
in families with extra-adrenal chromaffin tissue tumors
(125).

IV. NEUROBLASTOMA

Neuroblastomas are tumors that derive from primordial
neural crest cells of the sympathetic system. They are the
most common solid extracranial tumor in children and
they account for 7–10% of all tumors diagnosed in chil-
dren (126–128). Neuroblastomas have been found to have
the highest percentage of spontaneous regression among
tumors (129).

The annual incidence in the US is 1:100,000 children
under the age of 15. It is predominantly a tumor of very
young children: in 80% the tumor presents in children
younger than 5 years, in 15% in children between the age
of 5 and 10, and in 5% in children older than 10 (130).
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Table 2 Presentation

Disease Tumor site Possible symptoms

Localized Abdomen Abdominal discomfort, fullness, abdominal pain, rarely respiratory distress
Pelvis Bladder and bowel disorders as a result of compression
Neck, Thorax Dyspnea, dysphagia, Horner syndrome

Disseminated Nonspecific General malaise, low-grade fever, weight loss
Bone Limp, joint swelling, bone pain
Paraspinal Neurological symptoms
Orbital area Proptosis, periorbital ecchymoses (raccoon eyes)

Producing Catecholamines Hypertension, sweating, flushing, tachycardia, paroxysmal phenomena
VIP Chronic secretory diarrhea (Kerner-Morrison syndrome)

The median age at diagnosis is found to be between 18
and 24 months (131–133). Often two peaks can be iden-
tified in the incidence of neuroblastoma and each is as-
sociated with a distinct pattern of clinical behavior. Tu-
mors detected in the first year of life (initial peak) have a
more benign course than those diagnosed in older children
(second peak in children around 2 years of age) (132,
134). The tumor has a slight predominance in boys (with
boys to girls ratio of 1.2:1) and is reportedly more com-
mon in white than in black children (127).

Most cases are sporadic; rarely, cases are familial or
associated with familial syndromes such as NF, Hirsch-
sprung’s disease, and Beckwith-Wiedemann syndrome.
However, until now no genetic analyses have been able
to link neuroblastomas indisputably with the respective
familiar syndromes (135–138).

In recent years, a rise in incidence over time has been
noted (127). This rise may reflect increased physician
awareness, improved diagnostic procedures, or changes in
reporting (139).

A. Pathogenesis

Although the influence of exposure to several environ-
mental factors (such as parental occupation, use of med-
ication, lifestyle) on the risk of developing neuroblastoma
has been investigated, no unequivocal relationship has
been demonstrated (132, 140). Further investigation of
some possible risk factors, such as parental exposure to
metals, solvents, or radiation and maternal use of hor-
mones during pregnancy, appears warranted (141).

Numerous studies using a range of experimental tech-
niques have been undertaken to discover the genes in-
volved in neuroblastoma development. It has become ap-
parent that both inactivation of tumor suppressor genes
and activation of tumor oncogenes are involved in neu-
roblastoma tumorigenesis. Chromosomal loci that have
been found to show loss of heterozygosity (LOH), indic-
ative of a tumor-suppressor gene, include 1p (19–31%),
2q (30%), 3p (9–25%), 4p (14–19.5%), 9p (19–36%),
11q (5–44%), 14q (10–31%) and 18q (31–81%) (142–
156). Although intensive research has been directed to-

wards identifying candidate genes in the regions that show
LOH, no indisputable tumor suppressor gene has yet been
identified (157, 158).

Amplification of the MYCN tumor oncogene, located
on the distal short arm of chromosome 2 (2p24), was first
reported in 1983 (159, 160). In recent years it has become
apparent that gain of the long arm of chromosome 17q,
occurring in 54–83% of primary tumors, is probably the
most frequent chromosomal abnormality in neuroblasto-
mas (142, 151, 152, 161, 162). At present, genetic abnor-
malities found in neuroblastomas seem rather to have
prognostic relevance than to provide insight into its path-
ogenesis.

B. Clinical Presentation

The symptoms and signs at presentation depend largely
on the size and the location of the primary tumor, and
whether or not the tumor has metastasized (Table 2). Me-
tastases can occur as a result of both lymphatic and he-
matogenous extension and are most common in lymph
nodes, liver, skin, bone, bone marrow, and soft tissues
(163). In case of lymph node involvement outside the cav-
ity of origin, a child is considered to have disseminated
disease (163). Thus, a patient can present with local, re-
gional, or disseminated disease. The proportion of patients
with disseminated disease at diagnosis (about 50%) is age
dependent (164). Metastasized disease is more commonly
seen in older children. In 35% of patients with apparent
localized disease regional lymph node metastases are
found.

The most common site of tumor localization is intra-
abdominal (65%), most commonly in the adrenal gland.
Children older than 1 year have a higher incidence of
adrenal tumors than infants (40% vs. 25%, respectively).
In 20% of cases the tumor is localized in the chest, in 2–
3 % in the pelvis, in 1–5% in the neck, and in 6–12%
other localizations. In 1% the primary tumor is not found
(132, 133, 163–165).

The tumor may mimic other diseases: for instance,
bone metastasis may resemble musculoskeletal diseases
such as rheumatoid arthritis (166) and paraspinal tumors
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compressing nerve roots or extending into vertebral bod-
ies may mimic neurological diseases. Furthermore, the tu-
mor may be accompanied by paraneoplastic phenomena
such as opsoclonus–myoclonus syndrome, which occurs
in 2–3% of children with neuroblastoma (167), or secre-
tory diarrhea if the tumor is producing vasoactive intes-
tinal peptide (VIP).

In rare cases, production of catecholamines contrib-
utes to symptoms and signs seen at presentation. Although
95% of tumors produce catecholamines or catecholamine
metabolites such as VMA and HVA, this only rarely
causes symptoms of catecholamine excess such as hyper-
tension or paroxysmal phenomena such as tachycardia and
flushing (168). Compared to pheochromocytomas, neu-
roblastomas appear to have a paucity of storage granules
and low levels of tissue catecholamines, which is sugges-
tive for an ineffective storage mechanism. Furthermore, in
patients with neuroblastoma, catecholamines are effec-
tively metabolized by COMT and MAO to yield non-
pressor catecholamine metabolites such as HVA, which
are thereafter excreted in the urine. This may explain the
absence of symptoms of catecholamine excess (168). No
correlation has been found between tumor size and the
level of urine catecholamine excretion. A less differenti-
ated tumor may predominantly secrete dopamine instead
of VMA or HVA.

At physical examination care should be given to the
detection of palpable masses in the abdomen or flank and
the presence of hepatomegaly. Skin including scalp and
joints should be inspected for lesions, swelling, and ten-
derness. A neurological examination, including assess-
ment of pupil sizes in both eyes and strength in the lower
limbs, should be part of the work-up for neuroblastomas.

Histopathologically, the differential diagnosis in-
cludes other small blue round cell neoplasia of childhood
such as rhabdomyosarcoma, Ewing’s sarcoma, peripheral
neuroepithelioma (primitive neuroectodermal tumor
[PNET]), lymphoma, and leukemia (169). Wilms’ tumor,
hydronephrotic kidney, enlarged spleen or liver, lym-
phoma, germ cell tumor, and mesenteric cysts should also
be considered in the differential diagnosis (133, 170).

C. Diagnosis and Localization

In 1988, a set of international criteria was formulated for
neuroblastomas with respect to diagnosis, staging and re-
sponse to treatment (171). In 1993, these criteria were
revised (169). Obtaining tumor tissue is critical for diag-
nosis and staging of neuroblastoma.

According to the International Neuroblastoma Stag-
ing System (INSS) criteria a neuroblastoma is confirmed
if either an unequivocal pathological diagnosis is made
from tumor tissue by light microscopy, or a bone marrow
aspirate or trephine biopsy specimen contains unequivocal
tumor cells (e.g., syncytia or immunocytologically posi-
tive clumps of cells), and increased urine or serum cate-
cholamines or their metabolites. In case of equivocal

histological and immunohistological findings, genetic fea-
tures characteristic of neuroblastoma, such as 1p deletions
or N-myc amplification, can support the diagnosis.

Seventy-one to 95% of neuroblastomas excrete ab-
normally large amounts of dopamine, HVA, norepineph-
rine, and VMA (132, 172). In patients with suspected
neuroblastoma, measurement of urinary catecholamine
metabolites is mandatory. In 15% of the tumors urinary
VMA is not elevated. In order to be considered elevated
VMA or HVA levels normalized to milligrams of creati-
nine have to be above 3.0 SD for the mean for age (132).
With this cut-off approximately 92% of biopsy-proven
neuroblastoma patients will have elevations at diagnosis.
It is recommended that both VMA and HVA are measured
in a patient with suspected neuroblastoma.

For localization of the tumor, several imaging mo-
dalities are available. Plain radiographs can detect the tu-
mor if calcifications are present. Ultrasonography may
yield good information and is the least expensive imaging
technique. Other imaging techniques such as CT and MRI
provide better anatomical detail including the tumor’s re-
lation to surrounding tissues. This information is impor-
tant when operability and resectability are discussed. To
evaluate the presence of bone metastases, bone scintig-
raphy with 99mTc-diphosphates is most sensitive (173). If
available 131I-MIBG or 123I-MIBG scintigraphy should be
performed routinely in the evaluation of all patients sus-
pected of harboring a neuroblastoma (169). Ninety-one
percent of the neuroblastomas concentrate 131I-MIBG,
which makes it a specific and very sensitive indicator for
neuroblastoma comparable with urine analysis for cate-
cholamine metabolites (173, 174). Addition of single-pho-
ton emission computed tomography (SPECT) has been
found to be beneficial for the interpretation of the MIBG
scan (175).

The recommendations of the INSS for clinical testing
include CT and/or MRI scan with three-dimensional mea-
surements for the primary site and abdomen/liver. To as-
sess bone marrow involvement, bone marrow biopsy is
required. Bone involvement should be assessed by MIBG
scan or 99Tc scan. At physical examination care should be
taken to assess lymph node involvement. These findings
should be confirmed with histology. Every patient should
undergo a chest radiograph; if this is found to be positive
a chest CT or MRI should be performed. Imaging mo-
dalities are also important for staging and follow-up.

D. Staging

In the INSS classification, four stages are identified (Table
3). In stages 1–3, the disease is localized and the stage
depends on the extent of lymph node involvement and the
presence of midline extension of the disease. In stage 4,
the disease is disseminated (169). Stage 4S is a special
subcategory: it consists of infants with a distinct pattern
of disseminated disease associated with spontaneous re-



202 Pacak et al.

Table 3 International Neuroblastoma Staging System

Stage 1 Complete gross resection of localized tumor.
Residual disease may or may not be pres-
ent microscopically. Identifiable lymph
node(s), ipsi- and contralateral, negative
for tumor at microscopy.

Stage 2 A Incomplete gross excision of localized tu-
mor. Identifiable ipsi- and contralateral
lymph nodes negative for tumor micro-
scopically.

Stage 2 B Complete or incomplete gross resection of
localized tumor with ipsilateral no adher-
ent lymph nodes positive for tumor. En-
larged contralateral lymph nodes negative
for tumor microscopically.

Stage 3 Unresectable unilateral tumor infiltrating
across the midline, regional lymph node
involvement may be either present or ab-
sent; or localized unilateral tumor with
contralateral regional lymph node in-
volvement; or midline tumor with bilat-
eral extension by infiltration or by lymph
node involvement.

Stage 4 Dissemination of tumor to distant lymph
nodes, bone, bone marrow, liver, or other
organs except as defined for stage 4S.

Stage 4S Localized primary tumor (as defined in
stage 1 or 2) with dissemination limited
to skin, liver and or bone marrowa in an
infant <1 year of age.

aLess than 10% of nucleated cells are tumor cells.
Source: Data from Refs 163, 169, and 171.

gression. With or without nonsurgical treatment, these in-
fants experience a high cure rate (176, 177).

E. Prognosis

Over the years numerous factors have been studied in neu-
roblastomas for their capability to predict outcome. Stage,
age, and site of primary tumor are most important for the
prognosis. Biological variables found to be associated
with outcome can be organized into several categories:
histopathological characteristics, serum markers, and ge-
netic features.

The International Neuroblastoma Pathology Commit-
tee developed an age-linked classification system based
on morphological features of neuroblastomas in relation
to prognosis. Patients are classified in four different cat-
egories based on the differentiation grade of the neuro-
blastomas, their cellular turnover index, and the presence
or absence of schwannian stromal development (170,
178). Other factors relating to prognosis taken into ac-
count in this classification system are mitosis–karyor-
rhexis index, mitotic rate, and calcification.

Serum markers known to have a correlation with
outcome are serum ferritin, neuron-specific enolase
(NSE), circulating gangliosideD2 shed from neuroblas-
toma cell membranes, and serum lactic dehydrogenase
(LDH). Increases in ferritin (179), NSE (180), and cir-
culating gangliosideD2 (181–183) are all associated with
worse prognosis. Increases in LDH are non-specific and
may indicate rapid cell turnover or large tumor burden.
Increased LDH levels are associated with poor outcome
(184).

Genetic features that have been found to correlate
with prognosis are tumor cell ploidy, MYCN amplifica-
tion, chromosome 1 deletion or allelic loss, telomerase
activity, and expression of the TRKA-gene. Of these fea-
tures a hyperdiploid karyotype and a high level of ex-
pression of the TRKA-gene, encoding for a primary com-
ponent of the high-affinity nerve growth factor receptor
are associated with a favorable outcome (185–190). In
contrast, poor survival is predicted by MYCN amplifica-
tion, chromosome 1 deletion or allelic loss, and a high
telomerase activity [191–197].

F. Treatment

INSS stage, age, and biological features are the most im-
portant determinants in the design of a specific manage-
ment plan for a patient. The intensity of the treatment
program depends highly on the assessment of a patient’s
risk for recurrent disease (198).

Surgery is usually performed in all patients to estab-
lish the diagnosis and to procure tumor tissue for biolog-
ical studies and staging of the tumor. If feasible, the tumor
can be excised at initial surgery. Chemotherapy is the
principal treatment modality (199). Multiple-agent therapy
has proven to be more advantageous than single-agent
therapy (132). In many patients, however, multimodality
treatment is required. Radiation therapy and autologous
bone marrow transplantation are used most frequently to
supplement chemotherapy. Other treatment modalities
studied for their effectiveness in neuroblastomas include
radionuclide therapy with 131I-MIBG, retinoid therapy, and
immunotherapy.

The International Neuroblastoma Response Criteria
give definitions to assess response (169). Response should
be determined based on the best approximation of the vol-
ume of both primary tumor and metastatic sites. Six cat-
egories are identified: complete response, very good par-
tial response, partial response, mixed response, no
response and progressive disease. Complete response is
characterized by complete disappearance of tumor at pri-
mary and metastatic sites. Partial response is defined by
a decrease of over 50% in volume of primary tumor and
metastatic sites. If the response of the primary tumor is
found to be 90–99% and all metastatic sites have disap-
peared, it is classified as very good partial response. In
mixed response there is a response of 50% or greater at
one or more sites and a reduction of 50% or less at one
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or more other sites. In cases of no response, no new le-
sions occur and the volume of primary tumor and metas-
tases changes between a reduction of less than 50% and
an increase of less than 25%. Progressive disease is de-
fined by a 25% increase in any pre-existing lesion or the
occurrence of any new lesion. However, discussion is un-
derway as to whether the number of categories should be
decreased.

The 3-year event-free survival for stage 1, 2, 4S lies
between 75 and 90%. For stage 3 and 4, age is important:
if a child with stage 3 is younger than 1 year, she or he
has an 80–90% chance of cure; with an age of over 1
year the 3 year survival rates drop to 50%. For children
with stage 4 disease these percentages are 60–75% and
15% for the 3-year survival, respectively.

Late effects of treatment include disturbed linear
growth and gonadal function and the occurrence of second
malignant neoplasms such as thyroid carcinoma or mye-
lodysplasia/leukemia.

G. Screening

Screening programs for the detection of neuroblastomas
have been set up in Japan, North America, and Europe.
Studies evaluating the effect of these screening programs
are emerging. It is disputed whether these screening pro-
grams for neuroblastoma are successful in decreasing the
incidence of poor-prognosis disease in neuroblastoma and
thereby decreasing mortality and morbidity (200–203).

V. GANGLIONEUROMA

Ganglioneuroma is a rare benign tumor that originates
from the sympathetic chain. It is defined by the World
Health Organization as ‘‘a benign tumour of ganglion
cells in various proportions, which may be immature or
dysmorphic (e.g., multinucleation and nuclear pyknosis),
and Schwann cells’’ (204). They either occur de novo or
are a result of maturation and differentiation of neuro-
blastomas (129, 205). According to the International Neu-
roblastoma Pathology Committee it is not a separate entity
but should be considered a final stage of matured neuro-
blastomas (170). In a series of 88 patients described by
the Armed Forces Institute of Pathology, the majority of
patients were above 10 years of age, only 16% (14 of 88)
were younger than 10 years (131). In contrast, in recent
studies the median age at presentation was found to be
between 5.5 and 7.6 years (206–208). Boys and girls ap-
pear to be equally affected.

The posterior mediastinum (38%) is the most frequent
site of occurrence and, together with localization in the
retroperitoneum, accounts for most of the cases (131, 206,
207, 209). For abdominal tumors a preference was ob-
served for nonadrenal (37.5%) over adrenal ganglioneu-
romas (21%) (207).

Up to half of the patients are asymptomatic (209–
211). If symptoms are present, they are usually unspecific

and related to a mass effect of the tumor or intraspinal
tumor extension. Some patients may experience hyperten-
sion due to excessive catecholamine secretion of the tu-
mor. The percentage of tumors reported to secrete cate-
cholamines or catecholamine metabolites varies in the
literature between 20 and 39% (206, 207, 212). A gangli-
oneuroma is seldom found to be the cause of watery di-
arrhea by secreting VIP (213, 214). The tumor can be
visualized with ultrasonography, CT, or MRI. Further-
more, 57% of the tumors are positive on 123I-MIBG scin-
tigraphy (207). MRI is superior to CT for studying local
and intraspinal extension in retroperitoneal ganglioneu-
romas (208). Complete excision of the tumor is curative.
Usually the prognosis remains excellent even if resection
of the ganglioneuroma is incomplete.

VI. NEURAL TUMORS AND CHRONIC
DIARRHEA

Chronic diarrhea caused by neuroendocrine or neural tu-
mors often is related to the production of VIP. The most
common tumors in this group are VIPomas, which can
occur sporadically but also in the context of MEN 1.
VIPomas cause secretory, watery diarrhea, which subse-
quently leads to disturbances in water and electrolyte ho-
meostasis including hypokalemia and metabolic acidosis.
Symptomatic treatment concerns replacement of water
and electrolyte losses. Definitive treatment consists of tu-
mor removal. For VIPomas, resection of a single and/or
multiple tumors is indicated, which may include a pan-
creatic tail resection. For neuroendocrine or neuroec-
todermal tumors such as VIP-producing pheochro-
mocytoma, ganglioneuroma, ganglioneuroblastoma, and
medullary thyroid carcinoma, definitive therapy also is
achieved by surgical tumor removal (213, 215–222). If
the diarrhea-causing tumor is composed of chromaffin
cells, it may also secrete large amounts of catecholamines.
Therefore, measurements of plasma VIP and plasma/uri-
nary catecholamines including metanephrines should be
performed in children with watery diarrhea (216, 223).
The somatostatin analog octreotide improves diarrhea in
the majority of patients, including those with carcinoid
syndrome (224, 225). In patients with MTC, nonvolumi-
nous diarrhea may be the initial complaint. The cause of
the diarrhea in this setting is unclear (226).
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I. NORMAL PUBERTY

A. Definition and Mechanism

Puberty is the stage of human development when sexual
maturation and growth are completed, resulting in the ca-
pacity for reproduction. Accelerated somatic growth,
growth and maturation of the primary sexual characteris-
tics (gonads and genitals), and the appearance of second-
ary sexual characteristics (e.g., sexual hair, female breast
development, and male voice change) occur. Menstruation
and spermatogenesis begin. These changes are a conse-
quence of increased gonadotropin and sex steroid secre-
tion. Androgens and estrogens are both involved. Al-
though estrogen (primarily estradiol) stimulates breast and
reproductive system maturity in girls and testosterone
stimulates pubertal changes in boys, androgen is respon-
sible for certain changes among both boys and girls. An-
drogen stimulates sexual hair development, increased oil-
iness of skin related to acne, and apocrine gland secretion
causing adult-type body odor. Sex steroids directly and
indirectly stimulate overall somatic growth, estradiol ap-
pearing to be the key hormone stimulating skeletal ma-
turity among both sexes.

Increased gonadal activity results from increased
stimulation by pituitary gonadotropins: luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH). In-
creased testicular sex hormone production is stimulated
by LH; FSH stimulates primarily maturation of spermat-
ogonia. In the female both LH and FSH are necessary for
hormonogenesis, while FSH plays a primary role in ova
maturation.

The physiological secretion pattern of gonadotropins
is a periodic intermittent release, more dramatically ap-
parent for LH (1–5). Amplitude is low and release infre-
quent before puberty. At pubertal onset, accentuated epi-
sodes of LH first occur during sleep, then progressively
increase in frequency and amplitude, extending through-
out the 24 h period (6). The intermittent gonadotropin

release is a direct response to episodic release of hypo-
thalamic gonadotropin-releasing hormone (GnRH or
LHRH) (7). During childhood this system is downregu-
lated since GnRH secretion is minimal. Throughout child-
hood, the pituitary and gonads are capable of full function
at any age after a relatively short period of physiological
stimulation. The onset of puberty is a consequence of en-
hanced GnRH secretion. The mechanisms by which this
occurs are incompletely understood, but they appear to
involve the stimulatory and inhibitory influences of such
neurotransmitters as acetylcholine, catecholamines, �-
aminobutyric acid (GABA), opioid peptides, prostaglan-
dins, and serotonin.

Negative feedback of hypothalamic–pituitary gonad-
otropin–gonadal control is first acquired in fetal life and
is operative thereafter (8). Changes in feedback sensitivity
are inadequate to explain differences in fetal, neonatal,
childhood, and pubertal physiology. Overriding central
nervous system (CNS) control is an obligatory compo-
nent. Episodic release is present in the neonatal period and
childhood, with gonadotropin secretion diminishing dur-
ing childhood (9). Mean LH and FSH levels are both low
in childhood, FSH levels being relatively higher than LH
levels, particularly in girls (3, 5, 9). Since the pituitary
gland is always capable of response to GnRH stimulation,
the characteristic response during childhood is markedly
less than at puberty, with a greater response of FSH than
LH. The childhood response pattern may not be distin-
guishable from that typical of hypogonadotropism. With
the onset of puberty, the mean LH and FSH levels in-
crease, with a relatively greater rise in the LH levels. Gen-
erally, however, for most patients baseline values may
overlap the prepubertal and pubertal range. Levels of pu-
bertal individuals may not be discernible from a single
sample. GnRH or GnRH analog stimulation is the most
useful test to differentiate pubertal and prepubertal status,
since LH responses to exogenous GnRH stimulation be-
comes more pronounced with pubertal maturity (10, 11).
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Figure 1 Mean ages (dots) and ranges (horizontal lines) of
onset of pubertal development in girls. Dashed lines show
early limit for African-Americans.

The incremental rise of FSH after GnRH stimulation
changes less with pubertal maturation and hence is less
useful to ascertain differences (10, 11). A marked FSH
response is already evident in prepubertal children, and
particularly among girls may not increase discernibly with
puberty.

Because of the greater rise of LH in relation to FSH
with pubertal secretion, LH/FSH ratios, either baseline or
stimulated, may be used as an indication of status. A ratio
of less than 1 is typical of prepuberty, while a ratio of
greater than 1 characteristic of pubertal secretion (12).

B. Normal Female Development

Milestones of female puberty include thelarche (onset of
pubertal breast development) and menarche (the onset of
menstrual periods). Pubarche is a term used to signify the
onset of sexual hair development, a result of adrenarche
(the onset of pubertal adrenal androgen secretion), al-
though androgen production by the ovaries also occurs
with the increased steroidogenesis during puberty.

1. Age of Puberty
The most common first evidence of puberty in girls is
thelarche (Fig. 1), although it may occasionally be pre-
ceded by pubarche (13–15). The best available data cur-
rently indicate that the mean age for the onset of breast
development in girls is between 9.5 and 10 years of age,
with 5% of girls having breast development by their
eighth birthday. The average age of full pubertal breast
development is 14 years (Fig. 1) (15). Based on the most
recent data, the average duration of pubertal development
is 3–4 years. European data (16) but not U.S. data suggest

that the tempo may be somewhat faster while there may
be considerable variation in the tempo. Data suggest that
the earlier the onset, the slower the tempo of puberty (17),
the pace of pubertal development correlating with the
level of sex steroids (18). It is clear that the onset of breast
and pubic hair development occurs, on the average, earlier
among African-American than among white girls (14).

2. Hormone-Stimulated Changes
Mean LH, FSH, and estradiol levels increase before phys-
ical changes begin, but because of fluctuation within and
between individuals, this rise may not be discernible in
individual instances. A pubertal GnRH-stimulated LH re-
sponse or elevated estradiol values signify that gonad-
arche has occurred, the estrogen-stimulated development
that follows includes breast, genital, and uterine matura-
tion; increase in body fat content and lean body mass (19);
and acquisition of fat distribution in the typical female
contours. Breast growth may begin asymmetrically, pro-
gresses throughout puberty and may be classified into five
Tanner stages (Table 1). Pubic hair growth, which begins
in the average girl at age 10 years, can also be staged to
follow progression (Table 1).

3. Adrenarche
The increased adrenal androgen production (onset desig-
nated as adrenarche) precedes the pubertal rise of gonad-
otropins and gonadarche. Adrenarche may be detected in
girls by age 6 by an elevation in circulating levels of de-
hydroepiandrosterone (DHEA) and DHEA sulfate
(DHEAS). The stimulus of adrenarche is unknown; no
stimulating factor has been identified.

4. Growth and Progression
The pubertal growth spurt in girls, occurring early, usually
is present at the time of the appearance of the first signs
of puberty (Fig. 1). The interval between pubertal onset
and menarche is variable, the average being 2 years. The
magnitude of sex steroid exposure before menarche in-
versely correlates with the amount of statural growth after
menarche, those with greater exposure being closer to fi-
nal height at menarche. While the average girl grows 4–6
cm after menarche, those with relatively early menarche
may grow as much as 10 cm, whereas those with more
prolonged or greater estrogen stimulation before the onset
of menses may grow less than 4 cm. Generally earlier
menses is correlated with shorter adult height. It is not
necessarily atypical for adolescent girls to have irregular
menses for a year or longer after menarche; careful atten-
tion is warranted until menses become regular. Ovulation
may occur before menarche or much later.

C. Normal Male Development

Although pubic hair growth is usually the first evidence
of puberty noticed, increased testicular volume is the ear-
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Table 1 Staging of Pubertal Development (Tanner)

Staging Pubic hair staging Concomitant changes

Prader
orchidometer

(ml)

Girls: breast
1. Prepubertal, papilla

elevation
No pigmented hair

2. Budding; larger areole;
palpable and visible
elevated contour

Pigmented hair, mainly labial Accelerated growth rate

3. Enlargement of the
breast and areola

Coarser, spread of pigmented
hair over mons

Peak growth rate, thicker vaginal
mucosa, axillary hair

4. Secondary mound of
areola and papilla

Adult type but smaller area Menarche (stage 3 or 4)
Decelerated growth rate

5. Mature Adult distribution

Boys: genital size
1. Prepubertal No pigmented hair Long testis axis <2.5 cm 1, 2, 3
2. Early testicular, penile,

and scrotal growth
Minimal pigmented hair at base

of penis
Early voice changes; testes length

2.5–3.3 cm
3, 4, 5, 6, 8

3. Increased penile length
and width; scrotal and
testes growth

Dark, coarse, curly hair extends
midline above penis

Light hair on upper lip, acne,
maximal growth, testes
length 3.3–4.0 cm

10, 12, 15

4. Increased penis size
including breadth;
pigmented scrotum

Considerable, but less than
adult distribution

Early sideburns; testes 4.0–4.5 cm 15, 20

5. Adult size and shape Adult distribution, spread to
medial thighs or beyond

Beard growth; testes >4.5 cm 25

Figure 2 Mean ages (dots) and ranges (horizontal lines) of
various pubertal changes in boys. Dashed lines show earlier
limit for African-Americans.

liest physical evidence (20). A testis of 4 cc or 2.5 cm
long is evidence of pubertal growth. This occurs, on the
average, by 12 years and may occur normally as early as
9.5 years. Pubertal development in boys can be gauged
by Tanner staging (Table 1) of genital size and pubic hair
(Fig. 2).

1. Age of Puberty
As with girls, there were no large-scale studies of the on-
set and progression of male pubertal development until
the National Health and Nutrition Examination survey
(NHANES). Mean ages and early limits were loosely
based upon small studies from the United States and
larger studies from the United Kingdom. Data from the
NHANES has shown that puberty among African–Amer-
ican boys begins and progresses earlier than among whites
and Mexican–Americans (21). These data concerning pu-
bic hair development, the most reliable criteria, indicate
that the early limit and mean age of the onset of Tanner
stage 2 is similar to that previously used for white boys;
about 9.5 years and 12 years, respectively. Among Afri-
can-Americans, both ages would appear to be about 1 year
earlier. The data for Tanner 2 genital staging differs so
drastically from older data that one can only conclude that
different criteria were used.
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Also, similar to the female data, the age of comple-
tion of puberty according to NHANES (21) is similar to
older data. Thus, if puberty is beginning earlier, it is pro-
ceeding at a slower tempo, which is an unlikely phenom-
enon.

2. Hormonal Changes
As puberty progresses, there is a progressive rise of LH,
FSH, and testosterone levels indicative of a continuing
upregulation of secretion of the hypothalamic–pituitary–
testicular axis (1, 2, 4). Levels of other steroids of adrenal
or testicular origin also rise: estrone, estradiol, andros-
tenedione, 17-hydroxyprogesterone, DHEA, and DHEAS
(22). The rise of the latter two signifies adrenarche and
precede gonadarche. Inhibin B levels, indicative of semi-
niferous tubule integrity, progressively rise during puberty
(23). Mullerian inhibiting hormone levels in boys rise rap-
idly during the first year of life, are the highest during
late infancy, and then gradually decline until puberty,
while in girls levels rise minimally through prepubertal
years (23, 24). This marker for testicular development has
an inverse relationship with testosterone, with levels pro-
gressively falling throughout puberty (23, 24).

3. Growth
During midpuberty, the period when testosterone levels
are rapidly rising, the peak of the pubertal growth spurt,
voice change, and the onset of axillary hair growth occur
(25, 26; Fig. 2). There is a progressive increase in total
body bone mineral content, lean body mass, and a pro-
gressive decrease in body fat (19, 26). The onset of acne
and gynecomastia are also typically midpubertal events.

Facial hair growth begins about 3 years after the onset
of pubic hair growth. The density and distribution of the
beard, chest hair, and abdominal and pubic hair may pro-
gress for years after puberty and vary considerably among
adult men. These correlate more with familial or genetic
factors than with hormonal levels, as do quantity and den-
sity of hair on the extremities.

In contrast to girls, the period of accelerated growth
occurs during midpuberty rather than generally concomi-
tant with the onset (25). Peak growth velocity is generally
at 14–15 years of age and during Tanner stages 3 and 4.
Onset of spermarche (first evidence of completed sper-
matogenesis, usually first observable by presence of sperm
in urine, particularly first morning void) is usually at Tan-
ner stage 3, occurring at age 13.5–14 years. It occurs after
considerable testosterone stimulation, but before adult lev-
els are reached.

4. Pubertal Gyncecomastia
Gynecomastia, defined as palpable or visible breast tissue,
occurs in at least two-thirds of boys some time during
puberty. Subareolar breast hyperplasia measuring 0.5 cm
or more may be palpable. When a discrete symmetrical
disk is palpable, with or without surrounding tissue full-

ness, this can be considered true gynecomastia. This may
be difficult to differentiate from pseudogynecomastia re-
sulting from accumulation of fatty tissue, particularly in
boys who are heavy. Pubertal gynecomastia is a variant
of normal development, which may develop excessively.
Onset may coincide with the onset of puberty but pri-
marily begins at ages 13–14, before testosterone levels
have reached the adult range. Most commonly it persists
for 18–24 months, and then regresses, usually by age 16
years. If the quantity of breast tissue is considerable and
regression is not apparent after 2 years, plastic surgical
excision should be offered. Drugs blocking estrogen effect
may inhibit growth and cause regresssion, no medical
therapy has been shown to cause full regression.

Gynecomastia develops at a point when circulating
estrogen to testosterone levels are relatively greater than
after testosterone levels reach adult values. This is ap-
parently a consequence of extraglandular aromatization
of adrenal and testicular androgens. Among boys with
significant gynecomastia, this aromatization may occur
within breast tissue.

II. PRECOCIOUS PUBERTY

A. Classification

When puberty begins and progresses early, the condition
is, by definition, precocious puberty. However, because
recent data, particularly for girls, suggest that the onset of
puberty is occurring earlier, so one cannot make the di-
agnosis based simply upon the early limits of age for the
normal onset of pubertal changes (27). The traditional
early limit for girls was 8 years, the age that was consid-
ered to approximately 2 standard deviations below the
mean (the lowest 2–3% of the normal population range).
Recent data suggest that 5–6% percent of girls have
breast development by their 8th birthday, suggesting a
slight shift to a younger age.

Since breast development (thelarche) is reported to be
occurring earlier, and there are differences among the Af-
rican-American population, the diagnosis of precocious
puberty should not be made in a girl unless, at presenta-
tion, she shows pubertal levels of hormones, early onset
and inappropriately rapid progression of physical devel-
opment, with an inappropriate acceleration of skeletal age
in relation to growth rate. Since earlier onset of breast
development is not being accompanied with the same
tempo of puberty (with puberty being completed at the
same age), early physical signs alone do not necessarily
mean that the hypothalamic–pituitary–ovarian axis is be-
ing activated earlier. Thus, if the initial signs first appear
earlier, without rapid progression, the diagnosis of pre-
cocious puberty should not be made. Early onset of breast
development not followed by progressive change may be
a variant of normal or constitute nonprogressive preco-
cious puberty (28, 29). A young girl with pubertal breast
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Table 2 Differential Diagnosis of Precocious Puberty

Central (GnRH driven)
Idiopathic (sporadic or familial)
Central nervous system abnormalities

Acquired (abscess, chemotherapy, granulomas,
inflammation, radiation, surgical, trauma)

Congenital anomalies (arachnoid cysts, hydrocephalus,
hypothalamic hamartomas, septo-optic dysplasia,
suprasellar cyst)

Tumors (LH-secreting adenoma, astrocytoma, glioma
(may be associated with neurofibromatosis),
craniopharyngiomas, ependymomas)

Secondary to chronic exposure to sex steroids (causes
of peripheral puberty; CVAH, GIP, tumors)

Reversible forms: space-occupying or pressure-
associated lesions (abscess, hydrocephalus)

Peripheral (GnRH independent)
Genetic disorders (mutations)

Congenital virilizing adrenal hyperplasia (CVAH),
males

Gonadotropin-independent puberty
LH receptor-activating mutations
DAXI gene mutations

McCune-Albright syndrome
Tumors

Adrenal sex steroid secreting (adenoma, carcinoma)
Gonadotropin-producing (choriocarcinoma,

chorioepithelioma, dysgerminoma, hepatoblastoma,
hepatoma, teratoma)

Ovarian (granulosa cell, may be associated with Peutz-
Jeghers syndrome); granulosa, theca cell

Testicular (Leydig cell)
Limited or reversible forms

Chronic primary hypothyroidism
CVAH
Exogenous sex steroid or gonadotropins
Ovarian cysts

Variants of normal development
Premature pubarche (secondary to premature adrenarche)
Premature thelarche

development may be a variant of normal, have physiolog-
ically normal but early puberty, or have an underlying
pathological cause of early development. Precocious pu-
berty is diagnosed based on early onset, plus clinical, hor-
monal, and radiological evidence of excessive progres-
sion.

1. Gonadotropin-Dependent and -Independent
Precocious Puberty

Precocious puberty is classified as physiologically normal
but early and progressive (GnRH-dependent) or GnRH-
independent (Table 2). GnRH-dependent or central (true)
precocious puberty results from early onset of pubertal
hypothalamic–pituitary–gonadal activity; it is (true)

physiological gonadotropin stimulation emanating from
the GnRH secretion of (central) CNS–hypothalamic ori-
gin. Central precocious puberty is in contrast to peripheral
(GnRH independent) or precocious pseudopuberty in
which the sex steroid stimulating the physical changes of
puberty is not produced as a result of physiological pitu-
itary gonadotropin secretion. The source of sex steroid
may be exogenous or endogenous, gonadal or extrago-
nadal. The hormone may be autonomously produced, in-
dependent of gonadotropin stimulation.

2. General Terminology
The terms complete and incomplete sexual precocity have
been used with different meanings. Central precocious pu-
berty has been called complete and peripheral incomplete,
but the more common designation has used complete to
describe any form of precocious puberty while incomplete
designates some partial early pubertal development such
as thelarche or pubarche. Because of the confusion with
this terminology, the latter changes are more appropriately
termed partial development or variations of normal. A fur-
ther classification designates isosexual precocity (early
pubertal development appropriate for sex) and contra-
sexual or heterosexual precocity (early development in-
appropriate for sex or appropriate for opposite sex). Such
terminology has become cumbersome. Use of feminiza-
tion among males and masculinization in females should
adequately designate those conditions known as contras-
exual puberty.

B. Girls

1. Gonadotropin-Dependent (Central)
Precocious Puberty

Central precocious puberty (CPP) is diagnosed if physical
pubertal changes and laboratory results are consistent with
progressive changes of normal puberty. The majority of
girls presenting with precocious puberty have the central
form, with underlying neurological abnormalities being
unusual.

a. Causes. Central precocious puberty may not be
associated with anatomically demonstrable CNS abnor-
malities that apparently disrupt the restraint typical of
childhood. Associated CNS abnormalities in girls are
listed in Table 2. Patients surviving CNS tumor involve-
ment who have received radiation and chemotherapy may
show central precocious puberty. Precocious puberty is a
well-recognized phenomenon among children emigrating
from developing countries both in eastern Europe and
Asia to western countries. Improved nutrition, environ-
mental stability and psychological support lead to dra-
matic catch-up growth, weight gain and central precocious
puberty. Loss of height potential may be excessive (30,
31). Among patients is a subset who did not have growth
retardation at adoption, leading to the hypothesis that
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Figure 3 Premature breast development (stage 3) in a 4-year-old girl with McCune-Albright syndrome.

early puberty may be a consequence of exposure to estro-
genic endocrine disrupters (32).

GnRH-secreting hypothalamic hamartomas contain
apparently redundant CNS tissue containing GnRH neu-
rons that function independently of CNS inhibitory influ-
ences, an ectopic hypothalamus episodically secreting
GnRH (33). The loss of such episodic release after com-
plete removal of a pedunculated hamartoma was early ev-
idence that the pulse generator itself resides within the
network of communicating GnRH secreting neurons. Ha-
martomas, present with CPP at very young ages, more
frequently among boys than girls.

b. Hormonal Documentation. Hormone levels and
responses consistent with gonadarche principally include
basal and GnRH- or GnRH analog stimulated gonadotro-
pin levels within the pubertal range; LH responses in-
crease to a greater degree than FSH with pubertal onset
and are hence more useful in diagnosing central preco-
cious puberty. The difference in FSH between prepubertal
and pubertal children may be undetectable.

2. Gonadotropin-Independent (Peripheral)
Precocious Puberty

Precocious pseudopuberty, defined as early puberty re-
sulting from any other mechanism other than hypotha-

lamic GnRH–pituitary LH and FSH-stimulated gonadal
activity, in girls results from excessive estrogen stimula-
tion for age from ovarian, adrenal cortical, or exogenous
source. Among girls, this form of precocious puberty is
rare (Table 2).

a. McCune-Albright Syndrome. The McCune-Al-
bright syndrome, which occurs in girls far more frequently
than boys, includes a unique form of peripheral preco-
cious puberty in which an activating missense mutation
occurs in the gene for the alpha subunit of Gs, the G pro-
tein that stimulates cyclic adenosine monophosphate for-
mation (34). Abnormalities in this syndrome consist of
multicentered localized osseous lesions called polycystic
fibrous dysplasia, melanotic cutaneous macules called
cafe-au-lait spots, and one or more endocrinopathies.
These include precocious puberty (Fig. 3), hyperthyroid-
ism, hyperadrenocorticism, pituitary gigantism or acro-
megaly, and hypophosphatemia. The mutation has been
found in variable abundance in affected tissues, a finding
consistent with a mosaic distribution of aberrant cells
from a somatic cell mutation (34) and also compatible
with variable expression and exacerbations and remissions
of disease activity characteristic of this syndrome. Mech-
anisms usually stimulated by the trophic hormones are
activated as a result of this mutation; female patients with
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sexual precocity secrete increased ovarian estrogen with-
out gonadotropin stimulation. Mean ovarian volume is in-
creased and ovaries are asymmetrical, primarily as con-
sequences of large ovarian cysts (35). Levels of estrogen
fluctuate, with spontaneous regression occurring.

Because ovarian estrogen secretion in patients with
the McCune-Albright syndrome is not gonadotropin-
driven, such secretion is not suppressed by GnRH analog
therapy. Thus, therapy to diminish estrogen secretion or
action is indicated (see section on therapy, below).

As with other entities of peripheral precocious pu-
berty, skeletal age and biological maturity become ad-
vanced and, eventually, mature hypothalamic–pituitary
control of ovarian function commences, even at an early
age (secondary central precocious puberty) (36).

After hypothalamic–pituitary maturation, ovarian
function is under the usual control mechanisms and GnRH
analogs may have a place in therapy for early puberty.
Eventually these patients ovulate and true menstrual cy-
cling and pregnancy may occur, in spite of persistent au-
tonomous ovarian activity (37).

b. Ovarian Cysts. Ovarian cysts, readily identified
by sonography, may occur with central precocious pu-
berty, as part of normal ovarian development of childhood
(38), secondary to intermittent unsustained gonadotropin
stimulation and in the McCune-Albright syndrome. An
isolated follicular cyst may be present with apparent au-
tonomous estrogen production, presenting as peripheral
precocious puberty. Such cysts are usually self-limiting;
estrogen levels fall as the cyst spontaneously regresses. A
drop in estrogen levels may be accompanied by with-
drawal bleeding. Initial treatment of an isolated follicular
cyst should be conservative, with careful monitoring and
without surgical intervention, unless a surgical emergency
such as torsion is likely. Follow-up sonography and mea-
surement of estrogen levels after 1–4 months usually
show regression.

c. Chronic Primary Hypothyroidism. Although
hypothyroidism is usually accompanied by growth, skel-
etal, and pubertal delay, in rare cases patients with thyroid
gland failure and elevated TSH levels have evidence of
advanced pubertal development. The mechanism is likely
related to excessive trophic hormone or alpha subunit se-
cretion An excessive secretion of the alpha subunit ac-
companies the TSH hypersecretion. In such large quanti-
ties, TSH or the alpha subunit may compete for and
activate gonadotropin receptors (39). Patients present with
breast development that may be accompanied by galac-
torrhea. Marked pituitary enlargement may occur in this
syndrome (40). Appropriate thyroid replacement therapy
results in normalization of pituitary hormone levels. Pu-
bertal changes regress and no other therapy is necessary.

d. Tumors. Estrogen-secreting tumors of the ova-
ries and adrenal cortex are rare. They present typically
with markedly elevated estrogen levels, rapidly progress-
ing pubertal changes and asymmetry and unilateral en-

largement of the ovarian or adrenal glands. Androgen
excess and androgen stimulated changes may also be pres-
ent.

3. Diagnostic Evaluation
The approach to the assessment of the girl with early pu-
bertal development is outlined in Table 3.

a. History and Physical Findings. A complete his-
tory should emphasize the points noted in Table with care-
ful consideration of any possible exposure to exogenous
hormone, previous or current CNS abnormalities or symp-
toms, pubertal history of other family members, and
height and growth rates. Gelastic seizures may occur in
association with organic causes of central precocious pu-
berty, including hypothalamic hamartomas.

Physical examination should include height, weight,
span, upper/lower body segment ratio, skin, hair, thyroid,
neurological findings, breast and pubic hair staging, in-
spection of the genitalia to determine pubertal maturation,
and visualization of the vaginal mucosa.

Visual inspection, without palpation, to assess estro-
gen effect upon the vaginal mucosa should avoid trau-
matizing the patient. If the patient is positioned prone with
knees drawn up and legs spread, the introitus can be vi-
sualized without touching the vulva but by gently spread-
ing the labia. A glistening red appearance is consistent
with a thin, non-estrogen-stimulated mucosa, whereas a
pink mucosa with a mucous covering is indicative of a
thicker more cornified mucosa; mucous secretion is sug-
gestive of concomitant estrogen stimulation. However, ir-
ritation or infection can also result in the latter appear-
ance. A bimanual abdominal–rectal examination should
be avoided unless an abdominal pelvic ultrasound study
is inadequate.

b. Hormonal Testing. A plasma estradiol measure-
ment using a sensitive assay and GnRH or GnRH analog
stimulation testing is indicated. Gonadotropin responses
are pubertal with CPP. The LH response is more helpful
than FSH in demonstrating a characteristic pubertal pat-
tern; patients with peripheral precocious puberty (PPP)
have a prepubertal or suppressed response. Figure 4 shows
the range of responses of 12 prepubertal girls. Most pu-
bertal patients do not have an FSH response outside the
prepubertal range; hence FSH responses are seldom dis-
criminatory. Low responses of both LH and FSH, which
are normal for prepubertal individuals, cannot be differ-
entiated from a suppressed response found in patients with
some forms of PPP.

Prepubertal higher baseline and stimulated FSH lev-
els are greater than LH responses, and pubertal basal and
response levels are greater for LH than FSH. Ratios of
LH to FSH less than 1.0 are consistent with a prepubertal
status while ratios greater than 1.0 suggest a pubertal state
(12).

Other laboratory testing may involve thyroid function
tests including TSH to rule out primary hypothyroidism,
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Table 3 Criteria to Plan Diagnostic Evaluation of Premature Pubertal Development

Girls Both sexes Boys

A Clinical findings of
precocious puberty

Breast development
Genital maturation
Accelerated linear growth
�Sexual hair
�Menstruation

Genital development with
testicular growth

Sexual hair
Accelerated linear growth
Increased muscle mass

Assess the following depending upon particular situation:
History

Exposure to exogenous
hormones

CNS trauma, anomalies,
or infection

CNS symptoms
Familial history of age

of pubertal onset
Familial forms usually

involve males
Growth pattern and rates

Physical examination
Tanner breast and pubic

hair stage
Pubertal maturational staging

(Tanner)
Tanner genital size and

pubic hair stages
Clitoral size
Rectal-abdominal bimanual

examination

Body proportions (upper/
lower segment ratios)

Body and skeletal symmetry

Penis size
Stretched length
Description of width

Inspect for galactorrhea,
estrogenized vaginal mucosa

Acne and skin pigmentation
Fundoscopic and visual field

examinations

Testicular examination
Size: long axis or volume
Symmetry

Thyroid examination Consistency
Evidence of thyroid dysfunc-

tion
Neurologic examination

Laboratory evaluation
Serum or plasma assessment

Estradiol LH, FSH
Thyroid function tests
DHEA or DHEAS

Testosterone
hCG

Increased LH response GnRH stimulation Increased LH and FSH rise
Radiologic assessment

Skeletal age
MRI of hypothalamic region
(if ‘‘peripheral’’ causes

excluded)
Abdominal-pelvic sonography Testicular sonography

Other
Vaginal cytology Morning void for sperm

History
B Clinical findings of

premature thelarche
Breast development without

growth acceleration or other
pubertal findings

Exposure to gonadotropins
or estrogen

Growth pattern

(see Table 4 for contrasexual
development)

Physical examination: thorough
examination (see earlier)

Laboratory examination
Serum LH, FSH, estradiol
Skeletal age x-ray
Pelvic sonography
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Table 3 Continued

Girls Both sexes Boys

Follow-up
Reassess growth rate, pubertal

progression after 2–6
months

Repeat sonography if
follicular cysts

History
C Clinical findings of

adrenarche
Sexual hair (pubic or axillary)

without growth acceleration
or other pubertal changes
(Table 4)

Exposure to androgens
Growth pattern

Physical examination
Laboratory examination

Plasma DHA or DHAS
Skeletal age x-ray

Follow-up: reassess growth rate
and pubertal progression in
3–6 months

plasma DHEAS levels to determine if adrenarche has oc-
curred, and DHEA or androstenedione if excessive adrenal
androgen secretion is suspected. In menarcheal patients, a
progesterone level may document luteal phase and verify
ovulation.

c. Other Testing. A skeletal maturity (bone age)
roentgenogram should be obtained to estimate the extent
of excessive stimulation and remaining growth potential
(41). Pelvic sonography should be done in all patients to
determine if ovarian and uterine size is enlarged for age,
but appropriate for stage of puberty (consistent with CPP);
unilateral or asymmetrical ovarian enlargement may be
indicative of a tumor or cysts. All young girls (less than
5 years) with central precocious puberty in whom the
cause is not already explained should undergo MRI of the
CNS, particularly the hypothalamic region, to investigate
lesions (Table 2) even if the neurological examination is
normal. Lesions are rarely demonstrated among girls older
than 6 years so the need for such a study should be de-
termined individually. An electroencephalogram (EEG) is
not generally indicated, even though abnormalities have
been reported in cases of central precocious puberty.

C. Boys

1. Gonadotropin-Dependent (Central)
Precocious Puberty
a. Causes. Causes of early pubertal development

among boys are outlined in Table 2. A larger portion of
boys than girls with CPP have CNS lesions than have the
idiopathic variety. Therefore, assessment of boys with
early unexplained puberty, regardless of age, should in-
clude an MRI. The CNS disorders include hamartomas
(Fig. 5), subarachnoid cysts, glial cell tumors, and germ

cell tumors. CPP occurs consistently in patients with hy-
pothalamic hamartomas and subarachnoid cysts, and in
about two-thirds of those with germ cell tumors but only
a minority of children with glial cell tumors (42). Rarely
astrocytomas and craniopharyngiomas are associated with
CPP. Treatment of these lesions is the same, whether or
not CPP occurs. Since hamartomas are congenital malfor-
mations rather than tumors and rarely have neurological
consequences, therapy is directed at the CPP. Medical
therapy is indicated except in those rare situations in
which the lesion is pedunculated, making surgical removal
a treatment option.

As among girls, central precocity occurs as a conse-
quence of CNS radiation therapy, with or without che-
motherapy, among patients with cancer. This sequela may
occur with growth hormone deficiency, hence without
growth acceleration. Other CNS-related causes include
trauma, surgery, inflammation, and severe neurological–
mental deficits of congenital or acquired origin. Precocity
related to hydrocephalus, brain abscesses, or granulomas
may be related to pressure changes and, in some instances,
is reversible when pressure is decreased.

In children of either gender, secondary central pre-
cocity may develop secondary to prolonged sex steroid
exposure associated with peripheral precocious puberty.
Boys may develop central precocious puberty as a con-
sequence of a prolonged hyperandrogenic state, as in un-
diagnosed or inadequately treated congenital virilizing
adrenal hyperplasia. Patients with known peripheral pre-
cocious puberty present with evidence of pubertal matu-
ration of the hypothalamic–pituitary axis including a
pubertal response to GnRH or GnRHa stimulation. Sec-
ondary CPP tends to occur among patients with advanced
biological maturation, as evidenced by bone age matura-
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Figure 4 Range of serum LH and FSH responses to GnRH
stimulation in 12 pubertal girls shows the wide variation in
response, especially FSH. Actual units vary depending upon
the gonadotropin assay used, but pubertal individuals have
an LH response greater than the prepubertal response, al-
though the rise of the FSH response cannot be expected to
be greater. The initial rise in FSH may be more brisk, so that
values within the first 40 min may be somewhat greater than
the prepubertal range, and maximum incremental rise does
not differ. Therefore, to verify central precocious puberty, a
rise in LH above the prepubertal range should be demon-
strated.

tion advanced to or beyond 12 years among boys or 10
years in girls.

b. Physical and Laboratory Findings. Central pre-
cocity in boys is characterized not only by pubertal tes-
tosterone levels and basal and GnRH- or GnRHa-stimu-
lated gonadotropin levels (LH > FSH), but also full
physical pubertal development. Testicular growth is sym-
metrical characteristic of gonadotropin stimulation, and
hence is found in CPP and unique forms of gonadotropin-
independent precocious puberty, which are a consequence
of an activating LH-receptor mutation, but not in other
forms of PPP.

3. Gonadotropin-Independent (Peripheral)
Precocious Puberty

Precocity in boys also results from inappropriate androgen
stimulation from either endogenous or exogenous sources,
nonpituitary gonadotropin stimulation, and rare activating
mutations.

a. Virilizing Adrenal Hyperplasia. A common
cause of peripheral precocious puberty in boys is endog-
enous androgen excess in undiagnosed or inadequately
treated congenital adrenal hyperplasia (CAH) caused by
21-hydroxylase deficiency. Fortunately, with neonatal
screening for this form of CAH, many boys are being
diagnosed now before developing early pubertal changes.
Other rare forms of virilizing adrenal hyperplasia, 11�-
hydroxylase deficiency and 3�-hydroxysteroid dehydro-
genase deficiency, may present in a similar manner.

b. Familial Male-Limited Gonadotropin-Indepen-
dent Puberty (GIP). A unique entity of male-limited go-
nadotropin-independent precocious puberty occurs in
which gonadal steroidogenesis and spermatogenesis pro-
ceed, even though gonadotropin stimulation is age-appro-
priately low or suppressed, as a consequence of activating
mutations of the LH receptor (43). Since these mutations
are inherited in a dominant pattern, the child’s father may
have a history of precocious puberty. Onset is usually but
not always at a very young age. The physical findings of
boys with this disorder are full pubertal development, in-
cluding bilateral testicular growth, similar to that of boys
with central precocious puberty. Gonadotropin baseline
levels and responses to exogenous GnRH are consistent
with prepuberty or suppression, while testosterone is el-
evated and often within the adult male range.

The activating mutations of the LH receptor result in
G-protein activation and increased cyclic AMP production
with Leydig-cell testosterone secretion. These mutations
do not cause precocious puberty or other abnormality
among girls, since FSH receptor activation, in addition to
LH, is necessary for ovarian steroidogenesis.

Among boys, genital enlargement, including bilateral
testicular growth and skeletal age acceleration, are the pri-
mary presenting features, usually by age 3 years. Sper-
matogenesis sufficient to produce mature forms and con-
siderable seminiferous tubular growth occurs. Eventually,
a pubertal hypothalamic–pituitary–testicular axis can be
demonstrated among affected boys, with normal fertility.
Adult height may be compromised. This form of periph-
eral precocious puberty is commonly followed by central
precocity, since there is not adequate therapy to fully sup-
press androgen production. After maturation of the hy-
pothalamic–pituitary axis has occurred, GnRH analog
treatment will result in suppression of LH and FSH re-
sponse to exogenous GnRH, but testosterone levels will
not be full suppressed.

A unique form of gonadotropin-independent preco-
cious puberty has been found to be associated with pri-
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Figure 5 A hypothalamic hamartoma associated with episodic gonadotropin-releasing hormone secretion in a young boy with
central precocious puberty. The arrow points to the harmartoma.

mary adrenal insufficiency and a mutation in the DAXI
gene (44).

c. Chronic Primary Hypothyroidism. Rarely pre-
pubertal-aged boys with chronic primary hypothyroidism
present with testicular enlargement. It is most likely the
result of occupation of the FSH receptors in the testes by
TSH, when TSH occurs in such supraphysiological quan-
tities (39). Hyperprolactemia is present and galactorrhea
occurs. Prolactin levels fall and testicular size decreases
when TSH levels are suppressed with thyroid replacement
therapy.

d. Androgen-Secreting Tumors. Testosterone-se-
creting Leydig-cell tumors are associated with dramatic
somatic and genital growth with muscular development.
Typical presentation includes rapid onset with unilateral
testicular enlargement. Adrenocortical androgen-secreting
tumors are rare, are often accompanied by physical and
hormonal evidence of other adrenal cortical hormonal ex-
cess, and present with prepubertal-sized testes. Hormonal
profiles suggest autonomous secretion.

e. Chorionic Gonadotropins Secreting Tumors. In
rare cases Leydig-cell testosterone secretion as a conse-
quence of abnormal gonadotropins stimulation causes
PPP. This occurs in settings that include chorionic gonad-
otropin-secreting tumors, such as teratomas, embryonal
tumors, hepatoblastomas, and CNS germinomas. Often
the primary tumor is highly malignant.

3. Assessment
The evaluation of boys with early puberty should be
guided by pertinent aspects of the history, physical ex-

amination, and laboratory assessment outlined in Table 3.
A history of growth patterns and pubertal progression can
provide clues to cause. Tanner staging and testicular sym-
metry and volume should be verified. Generally, prepu-
bertal-sized testes (less than 2.0 cm in the longitudinal
axis) suggest a cause other than pubertal hypothalamic–
pituitary gonadotropin function; pubertal-sized testes
(longer than 2.5 cm) suggest central precocious puberty
(Fig. 6). Asymmetrical or unilateral enlargement suggests
a Leydig-cell tumor or hyperplasia adrenal rest tissue. The
latter is seen in inadequately treated CAH and may also
be bilateral.

Gonadotropin response to GnRH or GnRHa stimu-
lation should be documented, with particular attention to
whether the LH response is above the prepubertal range,
noting the LH:FSH ratio (<1 suggests prepubertal secre-
tion). Testosterone levels above the prepubertal range ver-
ify the early pubertal status but do not differentiate the
source. Skeletal age documents the extent of advanced
maturity and can be used to estimate remaining growth
potential. Because of the high incidence of CNS lesions
in male sexual precocity, MRI or CT scans should be done
unless the cause is otherwise explained.

D. Natural History

The natural history of gonadotropin-dependent (central)
precocious puberty is outlined in Figure 7. All phases of
pubertal development are precocious including spermat-
ogenesis, premature pubertal growth, and skeletal age ac-
celeration. Depending upon the rate of progression, early
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Figure 6 Genitalia of a 25-month-old boy with sexual pre-
cocity associated with a hypothalamic hamartoma. Tanner
stage 2 pubic hair, Tanner stage 3 genital development, and
enlarged testes for age are evident.

Figure 7 Schematic representation of the natural history of early pubertal development. (Used by permission, Year Book
Medical Publishers.)

pubertal development leads to premature attainment of
adult height, as well as sexual and reproductive capabili-
ties. The rate of development is determined by the mag-
nitude of androgen secretion, with persistent high levels
resulting in the greatest acceleration of changes. Very
early or rapidly progressive precocious puberty leads to
diminished total height increase for amount of advance of

skeletal maturity. With a premature growth spurt and skel-
etal maturation, children with precocity are tall for age
during childhood. However, if their skeletal maturity be-
comes disproportionately advanced for their concomitant
growth rate, their projected adult height diminishes, be-
coming less than expected based upon familial heights
(Figure 8). In most situations, the adult height deficit is
only a few centimeters (41). With rapidly progressive pre-
cocious puberty characterized by skeletal age dispropor-
tionately advanced for height, without treatment growth
is completed at a younger age and shorter height than if
puberty and the pubertal growth spurt had occurred during
the usual years. Therefore, the indications for treatment
of progressive central precocious puberty are to stop or
cause regression of pubertal characteristics and to pre-
clude or reclaim loss of height potential.

Tall stature, advanced pubertal development, and
menarche during childhood may cause social and psycho-
logical adjustment problems. Psychosocial concerns are
an indication for counseling and consideration of medical
treatment to suppress excessive growth rate and pubertal
advancement.

Whether or not the precocity will be treated medi-
cally, the patient and parents need to understand what is
happening. If puberty is idiopathic, they should under-
stand that normal things are happening, but at an early
age. An explanation, geared to the child’s ability to un-
derstand is usually satisfactory: that it is normal for the
body of a child to change into the body of an adult, but
sometimes it starts too soon and happens too fast. The
discussion with the patient, often with the parent present,
should include age-appropriate sex education. Psycho-
sexual development is generally commensurate with age
not physical maturity, hence, inappropriate sexual behav-
ior is seldom a problem. In contrast to being sexually
aggressive, patients may be naive and misinterpret sexual
advances by older individuals. Both girls and boys are
potential victims of sexual encounters with older persons
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Figure 8 Growth chart for girls shows percentile of height
for age. The solid circles represent height for age for a girl
presenting with central precocious puberty; the connected tri-
angles depict height for bone age. Note that although growth
rate is accelerated, bone age has accelerated considerably
more in the same time period, resulting in decrease in pro-
jected adult height. In contrast, the patient whose heights are
depicted (open circles) with Tanner stage 2 breast and pubic
hair development did not have an acceleration in growth rate
or bone maturity. Although she was tall for age with early
pubertal development, she did not have a decreased adult
height potential.

who would take advantage of their childlike concept of,
and vulnerability to, intimacy. Once children recognize
that they are more mature, they tend to avoid incidents of
childhood sex play. Children with early puberty share in-
terests with age peers. Even though boys experience fre-
quent erections and masturbation, and may have the ca-
pacity for ejaculation, they are not an increased threat of
potential sexual aggression. Children of both sexes be-
come potentially fertile.

III. THERAPY

If there is an underlying treatable cause resulting in early
puberty, therapy should be given. Examples include sur-
gery and radiation or chemotherapy for CNS, ectopic go-
nadotropin-producing, gonadal, or adrenal tumors. Adre-
nal suppression is indicated in CAH, thyroid replacement
in primary hypothyroidism, and cessation of administra-
tion for inappropriate steroid or gonadotropin treatments
in those instances. If the underlying treatment is com-
pletely successful and central pubertal maturation has not
occurred, progression of pubertal development should
cease, and some regression may follow. In patients with
autonomous gonadal steroid production, such as in
McCune-Albright syndrome or male familial gonadotro-
pin-independent puberty, therapy is aimed at reducing sex
steroid production or effect. Drugs that have been tried

included initially medroxyprogesterone and spironolac-
tone, and, more recently, steroid synthesis inhibitors, (ke-
toconazole) aromatase inhibitors (testolactone and anas-
trozole), and the estrogen-receptor antagonist (tamoxifen)
(45–49). None of these completely suppress the sex ste-
roid effect in a sustained fashion, and in both of the sit-
uations secondary precocious puberty is not unexpected
(50). When this occurs, GnRHa therapy can be begun in
addition to other therapy in an attempt to retard pubertal
development and growth as much as possible. Patients so
treated should be carefully monitored for pubertal devel-
opment, growth rates and skeletal age, sex steroid levels,
and side-effects of the agent(s) used.

A. Criteria

Among patients with central precocious puberty, idio-
pathic or otherwise, marked by a pubertal pattern of go-
nadotropin response to GnRH or GnRHa stimulation, go-
nadotropin production can be halted with adequate
dosages of GnRH analog (51). The decision for or against
treatment should be a joint decision with the parents, with
consideration given to all aspects of the child’s physical
and mental maturity (52). Therapy should not be consid-
ered unless the following criteria have been documented:
(a) a pubertal response to GnRH or GnPHa stimulation
testing or some other documentation of pubertal gonado-
tropin secretion (basal plasma or urinary levels clearly
above the prepubertal range), (b) a sustained accelerated
linear growth rate, (c) an accelerated advancement of skel-
etal age, and (d) physical changes consistent with pro-
gressive pubertal development. Even if these criteria are
met, therapy may not be chosen unless the child is de-
veloping at a rate clearly outside the range for age; the
skeletal age maturity rate has exceeded the growth rate so
that adult height is becoming compromised; and the par-
ents and child perceive a need to delay further pubertal
growth and development.

If therapy is indicated to stop the progression of pu-
berty or menses and to preclude or attempt to reclaim
compromised growth potential, GnRH analog therapy is
the only effective treatment. The pharmacological basis is
the suppression of episodic secretion of gonadotropins by
overriding the episodic release of GnRH with continued
high levels of GnRH analog. After an initial LH and FSH
release in response to GnRH analog, the long-term effect
of persistent adequate dosing is downregulation of re-
sponsiveness; GnRH receptor numbers decrease, and go-
nadotropin responses are essentially obliterated. The result
of such treatment is first a fall in circulating gonadotro-
pins, followed by a return of sex steroids to prepubertal
levels. Adequacy of suppression should be monitored by
the demonstration of the lack of gonadotropin response to
exogenous GnRH stimulation. With adequate dosing,
suppression is demonstrable within the first 8 weeks of
therapy.
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B. Institution

GnRH analogs are available as depot injection, short-act-
ing injection, and nasal spray. Dosing adequacy and ef-
fectiveness can be monitored by lack of progression of
clinical indices and results of hormonal testing, including
GnRH or GnRHa stimulation. In boys a fall in plasma
testosterone levels to a prepubertal range is indicative of
adequate dosage. In girls estradiol levels are less helpful
because of fluctuating and low levels present in the pu-
bertal state. When suppression is not achieved, the dosage
should be increased. Once suppression is verified, patients
can be monitored at 4–6 month intervals with GnRH test-
ing, and with skeletal age monitoring at least annually.

C. Monitoring Therapy

Hormonal suppression with GnRH analog treatment re-
sults in a deceleration of the puberty growth rate and a
cessation of pubertal development.

1. Pubertal Development and Growth Rates
In girls, breasts may regress, vaginal mucosa becomes
nonestrogenized, and menses cease. There may be an ep-
isode of withdrawal bleeding during the institution of sup-
pression. This can be expected if an endometrial stripe is
discernible by ultrasonography before therapy.

In boys, genital, including testicular, growth ceases
and regression may occur. Further diminishing of pro-
jected adult height should not occur; it may increase
among those with compromised predictions before begin-
ning therapy.

Since GnRHa does not influence adrenal androgen
secretion, if adrenarche has occurred, it progresses during
treatment (53). With sufficient and increasing levels of
adrenal androgen, sexual hair will be maintained and pro-
gress. This should not be interpreted as evidence of lack
of gonadal suppression, although documentation of pu-
bertal levels of adrenal androgens can be used as verifi-
cation.

Growth rates return to a prepubertal growth rate, al-
though rates may become subnormal, particularly among
those with very advanced skeletal ages.

2. Skeletal Maturity
The stimulus for accelerated skeletal maturity is removed
once sex steroid levels are suppressed. However, there is
a clear lag since the steroid effect upon bone maturity is
delayed. Therefore, it is not uncommon not to document
deceleration during the first 6 months on therapy. There-
after, skeletal maturity should slow to normal until the
skeletal age is consistent with the age of puberty. Thus, if
the bone age is 7.5 years after the first 6 months, it can
be expected to be 8.5 years a year later. This progression
of a year per year is expected to continue until skeletal
age reaches the years of puberty. From this point on, the
skeletal age progresses very slowly without sex steroids.

Bone age x-rays with concomitant heights can be
used to estimate growth potential and hence predict adult
height. During therapy, usually the growth potential grad-
ually increases unless skeletal age was not excessive for
height at the onset of therapy.

3. Ancillary Tests
Monitoring of ovarian ultrasound and bone density is not
typically indicated. Ovarian and uterine volume both di-
minish. Bone mineral density can be expected to remain
relatively constant. Since density is greater than expected
for age, lack of increase in bone density during the hiatus
of therapy is not considered detrimental.

4. Additional Medical Therapy
Growth hormone has been used as supplemental therapy
among patients who have lost considerable height poten-
tial, grown at subnormal rates on GnRHa therapy, still
have growth potential, and have evidence of inadequate
growth hormone. It is expensive, and even though adult
height may be enhanced, it should be used only after care-
ful consideration. Also, since estrogen is the primary hor-
mone stimulating skeletal maturity, the use of drugs that
block estrogen synthesis (aromatase inhibitors) or action
(estrogen receptor blockers) are being considered for use
in CPP. No trials using such therapy have been completed.

D. Discontinuation of Therapy

1. Decision to Discontinue
The age at which to discontinue therapy must be individ-
ualized. Characteristically, therapy is discontinued when
the child reaches the age when puberty typically is oc-
curring, assuming the child is psychologically prepared.
When predicted height is still less than target height, ther-
apy may be continued in an attempt to gain greater height.
However, as discussed below, the gain in growth potential
diminishes with advancing age and skeletal age, largely
because of waning growth rates.

2. Recovery of Hormonal Secretion After
Discontinuation

Resumption of pubertal hypothalamic–pituitary–gonadal
activity begins promptly, becoming complete within
weeks or months (54). LH and FSH responses to GnRH
are pubertal within 6 months. Attainment of pubertal mile-
stones including attainment of Tanner stages proceeds at
a rate similar to that during normal puberty. Testicular or
ovarian volume (55) increase concomitantly. Menses
among girls who were postmenarchal before therapy oc-
curs within 12 months. Among premenarchal patients,
most experience menarche within 18 months, but among
some it may take up to 4.5 years. Ovulatory cycling be-
gins and menstrual regularity is similar to that among
other similarly aged girls (56). Among boys, spermato-
genesis resumes and normalizes for stage of development.
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Outcome data for boys indicate normal postpubertal status
(29), including these with hypothalamic hamartomas (57).

E. Long-Term Outcome Data

1. Fertility
Although not yet well documented, both pregnancy with
birth of normal infants and normal spermatogenesis have
been demonstrated.

2. Growth After Discontinuation of Therapy
Particularly among girls, growth rates and total growth
after therapy have uniformly been less than projected
based upon height and skeletal age at discontinuation.
There is little or no growth spurt among girls, even among
those who begin therapy early.

Adult heights after ideal therapy are not yet available,
while the results from patients whose treatment was begun
late indicate height less than the range of target height.
However, those who were well treated generally reach the
range but not mean of target height. Overall, adult heights
are greater than among untreated patients (58) and the
predicted at the onset of therapy (59–63), less that pre-
dicted at the end of therapy (60, 63). Changes in height
prediction during therapy are directly related to skeletal
age at onset of therapy (61). Adult heights are often less
than target height (59–62) and below the mean adult
height for sex. Improvement of height is greatest among
those with early onset of precocity as well as early onset
of therapy (before ages 5–6 years) (59, 60, 62, 64).

3. Hyperandrogenism
With the withdrawal of gonadotropin and estrogen during
GnRHa therapy, it would not be unexpected if ovarian
cysts develop secondary to interruption of the stimuli for
follicle growth. However, it has not been verified that a
greater portion of patients who were treated with GnRHa
have an increased incidence of ovarian cysts or hyperan-
drogenism. Some girls who were diagnosed with CPP and
treated with GnRHa have subsequently been found to
have hyperandrogenism (65), but there is no evidence that
this is related to GnRHa therapy. However, it is important
to verify any evidence of androgen excess at presentation,
particularly among patients who present with sexual hair
and other androgen-stimulated effects, in addition to es-
trogen-stimulated effects. Early androgen effect has been
associated with later ovarian hyperandrogenism (66).

IV. PARTIAL PUBERTAL DEVELOPMENT:
VARIANTS OF NORMAL

A. Premature Thelarche: Girls

Traditionally, premature thelarche (isolated premature
breast development) has been diagnosed during two age
periods. Significant breast tissue is most commonly noted

during the first two years of life. In most instances, the
history suggests that this is a persistence or increase of
the palpable breast tissue present at birth caused by a per-
sistence of infant gonadotropin secretion. Since ovarian
hormone production is greater during infancy than later
childhood, breast development may persist or growth may
occur as a consequence. Such development almost always
regresses before 24 months of age.

The second period when isolated breast growth has
long been noted is after age 6 years. As in normal puberty,
when breast development is first noticed it may be asym-
metrical or unilateral. This may account for the small per-
centage of children found to have Tanner stage 2 breast
development reported in the large population surveys (14,
15), as well as those girls who have been reported to have
nonprogressive precocious puberty (27, 52). This devel-
opment may be a consequence of temporarily increased
ovarian steroid secretion, highly sensitive estrogen recep-
tors to low pubertal circulating estrogen levels, or both.

In any instance in which breast development at pre-
sentation is not accompanied by other evidence of pu-
berty, careful monitoring of development over subsequent
months is mandatory but only a limited assessment is in-
dicated (see Table 3). Some patients may have early men-
arche, but adult height is not compromised (67). Estrogen
levels, height, and bone age may be normal or slightly
advanced for age. Rarely, an ovarian follicular cyst, which
does not persist, may be identified. Since this condition is
benign and may regress, treatment can be limited to ed-
ucation and counseling. However, because there may be
episodes of greater gonadotropin secretion during child-
hood in girls, it may be difficult to ascertain where a given
patient lies along the continuum from premature thelarche
and central precocity (3, 5, 12). It has been reported that
14% of one group of 100 girls originally presenting with
premature thelarche progressed to central precocious pu-
berty (68). Occasionally, what initially appears to be iso-
lated breast development may actually be the first sign of
what will eventually become manifest central precocity.
However, more commonly there is minimal progression
until the usual age of onset of puberty. Without hormonal
evidence of pubertal onset, it is inappropriate to interpret
Tanner stage 2 breast development as the onset of either
normal puberty or as a diagnosis of precocious puberty.
The greater proportion of 5-, 6- and 7-year-old girls re-
ported to have pubertal onset in the general population,
the entity of nonprogressive precocious puberty, and pre-
mature thelarche may all be part of the same clinical
entity.

B. Premature Pubarche

Premature pubarche, the early development of sexual hair,
is normally the result of premature adrenarche, defined as
an early onset of the pubertal increase of adrenal androgen
production. Adrenarche usually precedes and is indepen-
dent at gonadarche, is not accompanied by a mature re-
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Table 4 Causes of Contrasexual Pubertal Development,
Prepubertal or Pubertal Onset

Virilization in girls
Adrenal sources of androgen excess: adenoma,

carcinoma, virilizing adrenal hyperplasia
Exogenous androgen
Idiopathic hirsutism
Ovarian sources of androgen excess: arrhenoblastoma,

teratoma, polycystic ovarian syndrome
Feminization in boys

Adolescent, pubertal, or idiopathic gynecomastia
Drugs (amphetamines, antineoplastics, gonadotropin,

isoniazid, ketoconazole, marijuana, sex steroids,
tricyclic antidepressants, others)

Neoplasms (adrenal or testicular steroid-producing
tumors, teratomas)

Primary hypogonadal conditions
Congenital (anorchia, dysgenetic testes, enzyme

biosynthetic defects, Klinefelter syndrome, partial
androgen insensitivity syndrome)

Acquired (cryptorchidism, infection, radiation, torsion,
trauma)

Systematic illness: hepatic, renal, recovery from
malnutrition

sponse to GnRH stimulation, nor is it suppressed with
GnRH analog therapy. Premature pubarche is more com-
mon in girls than boys and is rare before 6 years of age
except in Africian-American girls. The early pubic hair
may be an isolated finding or be accompanied by mild
acne, oily skin, onset of adult-type body odor, and axillary
hair. If there are no other associated findings or patholog-
ical conditions, minimal assessment including measure-
ment of androgen levels to verify that levels are not
greater than those consistent with early adrenarche is re-
quired (Table 3). Documentation of the status of adren-
arche is indicated by demonstrating that circulating levels
of DHEA, DHEAS, or androstenedione are within the
range of early adrenarche and above the prepubertal
range. Height and skeletal age may be normal or tran-
siently advanced (69). Growth and subsequent pubertal
development should be expected to occur normally. The
degree of advancement should be followed: abnormal pro-
gression, excessive virilization, or elevated DHEA and
DHEAS levels may indicate pathological causes of ex-
cessive androgen. Also, there is evidence that early onset
of androgen production may be the first evidence of ovar-
ian hyperandrogenism (70). If so, the mechanism would
likely involve not only a defect of control of androgen
production, but also involve both the adrenal glands and
the ovaries.

V. INAPPROPRIATE SEX-STEROID-
STIMULATED CHANGES FOR SEX

Contrasexual (in contrast to isosexual) pubertal develop-
ment, whether during childhood or puberty, is defined the
development of sexual characteristics inappropriate for the
sex of the individual (i.e., feminization among boys and
virilization among girls). Causes among girls include the
differential of androgen excess and for boys that of estro-
gen excess.

A. Girls

Although premature development of sexual hair (prema-
ture pubarche) in girls is not uncommon, excessive viril-
ization of the prepubertal girl is rare and may present with
the development of oily skin, acne, clitoromegaly, and hir-
sutism. Causes are listed in Table 4. The degree of viril-
ization is generally greatest with adrenal and ovarian tu-
mors and less with adrenal hyperplasia. The mildest forms
of adrenal hyperplasia may present as premature adren-
arche, being diagnosed only after adrenocorticotropic hor-
mone (ACTH) stimulation testing or DNA analysis. As-
sessment is indicated with significantly advanced skeletal
age, growth rate, or degree of virilization. The virilizing
adrenal hyperplasias include 21-hydroxylase deficiency,
11�-hydroxylase deficiency, and 3�-hydroxysteroid de-
hydrogenase deficiency. These usually present with viril-
ization before puberty; mild forms may present at puberty.

Most verified mild forms of adrenal hyperplasia are 21-
hydroxylase deficiency. Basal 17-hydroxyprogesterone
levels may be elevated with 21-hydroxylase deficiency ad-
renal hyperplasia, while corticotropin (ACTH) stimulated
values may be needed to ascertain the mildest cases. Such
testing with measurement of adrenal steroid intermediate
metabolites may be useful in identifying mild forms of
adrenal hyperplasia (71). Adrenal suppression may be nec-
essary to differentiate adrenal hyperplasia from adrenal
tumors or ovarian sources. The polycystic ovarian syn-
drome is a heterogenous disorder presenting with hyper-
androgenism, hirsutism, and amenorrhea or oligomenor-
rhea.

B. Boys

Gynecomastia, either unilateral or bilateral, in a pubertal
boy is usually a variation of normal puberty. The most
common pathological cause of gynecomastia is hypogo-
nadism, particularly Klinefelter syndrome. Gynecomas-
tia caused by abnormal estrogen production because of
increased steroid aromatization (72) (Table 4) is rare, but
it should be ruled out in a prepubertal boy, or at any age,
when the degree or progression is troublesome. Plasma
estrogen levels or total urinary estrogen levels are elevated
if there is a persistent source of abnormal endogenous
estrogen. Appropriate plasma and urinary levels, an oth-
erwise normal history and physical examination, and a
negative history of contact with estrogen-containing med-
icine or cosmetics is sufficient to delay further work-up
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with follow-up to watch for progression of gynecomastia.
It may be difficult to ascertain gynecomastia from pseu-
dogynecomastia in an overweight boy. The presence of a
discernible mass of firmer tissue centered beneath the
areolae suggest breast tissue rather than simply adipose
tissue.

There are pathological conditions that may be asso-
ciated with gynecomastia during the pubertal years. Tes-
ticular tumors, including Leydig-cell tumors, Sertoli-cell
tumors, and germ cell tumors all may rarely secrete estro-
gen and present with gynecomastia. Gynecomastia may
occur in association with gonadal disorders, including pri-
mary and secondary hypogonadism, true hermaphrodit-
ism, and enzyme defects of testosterone production. Fem-
inizing adrenal cortical tumors are very rare. A patient
with an essentially male phenotype and mild partial an-
drogen insensitivity could present with gynecomastia. In-
gestion of drugs may be a cause, including androgens,
ketoconazole, and illicit drugs including marijuana.

VI. DELAYED PUBERTY AND
HYPOGONADISM PRESENTING
DURING ADOLESCENCE

A. Definition and General Approach

If the initial physical changes of puberty are not present
by age 13 years in girls or age 14 in boys, evaluation
should be considered for possible causes of lack of pu-
bertal development. Abnormality may also be present if
pubertal development has begun but does not progress
appropriately. Therefore evaluation may also be indicated
if more than 5 years have elapsed between the first signs
of puberty and menarche in girls or completion of genital
growth in boys. The aim of the assessment is to determine
whether the delay or lack of development is a result of a
lag in normal pubertal maturation of the hypothalamic–
pituitary–gonadal axis or if it represents an underlying
abnormality (Table 5).

If patients have no pertinent findings on medical his-
tory and examination, a delay in the onset of puberty is
most likely to be so-called constitutional delay of puberty.
Such patients are healthy, but generally have a history of
delayed growth and development throughout childhood,
including short stature but a relatively normal growth rate.

The initial approach to patients of both sexes with
delayed or lack of progression of puberty is to determine
gonadotropin status (Table 5) and skeletal age. Eleva-
tion of gonadotropin levels indicates gonadal failure and
redirects further assessment, while low levels of gonado-
tropins do not differentiate physiological delay from
gonadotropin deficiency. Skeletal age, determined by
radiographic analysis of the ossification centers of the
hands and wrists, compares patterns of growth and ossi-
fication with the average for age and sex. When bone age
indicates a biological age less than that of the onset of

puberty (10–11 years for girls and 12–13 for boys), it is
impossible to determine if gonadotropin secretion is de-
layed and immature or defective. In either situation go-
nadotropin levels, both before and after GnRH or gonad-
otropin-releasing hormone analog (GnRHa) stimulation,
are within the prepubertal range, although as patients
grow older greater responsiveness is expected. Persistence
of low levels or an inadequate response over time suggests
a hypothalamic or pituitary deficiency; a progressive rise
is consistent with normal, but delayed, puberty.

When bone age, an index of biological age, is at or
beyond the age of puberty, gonadotropin (LH and FSH)
levels are elevated if gonadal failure is present because of
maturation of the hypothalamus–pituitary–gonadotropin
(HPG) axis and the absence of negative feedback by sex
steroids. GnRH stimulation is unnecessary. If gonadotro-
pin levels are mildly elevated, GnRH stimulation may be
used to document partial primary gonadal failure.

Hypogonadism may not become manifest until during
or after adolescence. Physical pubertal development may
begin with expected physical changes but not progress
normally. Among girls, the presentation may be because
of primary or secondary amenorrhea. Among boys,
growth and development may not be completed, testes
may be abnormal, or no abnormalities may be noted un-
less fertility becomes a problem.

B. Boys

1. Assessment
Most boys who present with the complaint of delayed
puberty who have short stature and normal prepubertal
genitalia with prepubertal testes of normal size and con-
sistency likely have constitutional delay. A plot of previ-
ous heights-for-age on a growth curve show low–normal
growth rates. Skeletal maturation documents delay. Body
proportions are immature (a greater upper/lower ratio than
usual for age; relatively short legs for height). Primary
hypogonadism (testicular failure), usually presenting with
normal or tall stature, is very unlikely in such a patient.

Except in cases of testicular failure, gonadotropin lev-
els are low for age in delayed puberty, whether due to
constitutional delay or gonadotropin deficiency. At pre-
sentation, temporary delay or permanent deficiency cannot
be absolutely differentiated; there is an overlap of re-
sponses to GnRH stimulation, with the rare exception of
no response among those with an absent or destroyed pi-
tuitary.

The initial work-up should involve an evaluation
aimed at the differential diagnosis listed in Table 5. The
history should include a review of rates of weight and
height gain, testicular descent, any other evidence sug-
gestive of gonadal pathology, including endocrinopathies.
Growth rates should be assessed with the knowledge that
growth rates are slowest just before the onset of puberty
in normal boys and may continue to decelerate until pu-
bertal growth commences. Current or prior illnesses and
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Table 5 Causes of Delay or Lack of Pubertal Development

Hypergonadotropic states (primary gonadal failure)
Chromosomal, genetic disorders, and syndromes: androgen enzymatic synthesis defects, complete and partial androgen

insensitivity syndrome, 46, XX males, 47, XYY syndromes, galactosemia, Klinefelter syndrome (47, XXY),
mixed 45, X/46, XY gonadol dysgenesis, multiple X-Y syndromes, multiple Y syndromes, myotonic dystrophy,
Noonan syndrome, pure 46, XY gonadol dysgenesis, 5�-reductase deficiency, resistant ovary syndrome, Turner
syndrome, vanishing testes syndrome

Acquired: autoimmune, chemotherapy, infectious (coxsackie, mumps), irradiation, surgical, torsion, traumatic
Hypogonadotropic states (hypothalamic-pituitary defect or lag)

Hypothalamic-pituitary deficiencies
Gonadotropin deficiency

LH only (fertile eunuch syndrome)
LH and FSH

Acquired [autoimmune, cranial irradiation, granulomatous disease, hemosiderosis (thalassemia), sickle cell disease]
Congenital, genetic, syndromes [Alstrom syndrome, Borjenson-Forssman-Lehmann syndrome, CHARGE syndrome,

Kallmann syndrome, Laurence-Moon-Bardet-Biedl syndrome, multiple lentigines syndrome, Prader-Willi
syndrome, prosencephalon defects (associated with central incisor syndrome, cleft-lip palate, midfacial cleft),
septooptic dysplasia]

Endocrinopathies (may include gonadotropin deficiency): hypopituitarism [idiopathic or secondary to empty sella
syndrome, inflammation, pituitary dysgenesis, radiation, Rathke pouch cysts, surgery, trauma, tumors
(craniopharyngioma, pituitary adenomas, prolactinomas)]

Delayed or deferred function
Constitutional delay of growth and/or puberty
Chronic illness [cardiac, gastrointestinal (regional enteritis), hematologic (sickel cell disease), malignancy, pulmonary

(cystic fibrosis), renal]
Drug abuse
Excessive energy expenditure, exercise
Exogenous obesity
Endocrinopathies: diabetes mellitus, growth hormone deficiency, glucocorticoid excess, hyperprolactinemia,

hypothyroidism
Malnutrition
Psychiatric illness (anorexia nervosa, psychosocial dwarfism)

their treatment, including irradiation, surgery, chemother-
apy or glucocorticoid therapy, should be considered. A
family history of pubertal delay, hypogonadism, or infer-
tility should be sought. Evidence of craniofacial–CNS
midline defects, including anosmia or hyposmia, are im-
portant and suggestive of Kallmann syndrome, a unique
hypogonadotropic syndrome with concomitant defects in
the sense of smell (73, 74).

Physical examination must include careful documen-
tation of height, weight, pubertal stage (Table 1), and up-
per/lower (U/L) segment ratios. This ratio is determined
by subtracting, from standing height (U), the vertical dis-
tance from the pubic symphysis to the floor (L), or by
subtracting the sitting height (U) from standing height (L).
A ratio higher than normal suggests immaturity and delay,
whereas a ratio lower than normal is suggestive of a defect
or prolonged delay. In general, a ratio of less than unity
(0.88 in black subjects) results from excessive leg (long-
bone) growth characteristic of hypogonadism. Such eu-
nuchoid ratios may be pronounced in patients with pri-
mary hypogonadism, such as Klinefelter syndrome.
Testicular location (scrotal, inguinal, or nonpalpable), size,

and consistency (firm, soft, nodular) are important. A tes-
tis less than 2.0 cm along the longitudinal axis is prepub-
ertal in size; length longer than 2.5 cm suggests pubertal
growth. A testis in a pubertal-aged boy of 1.0 cm or less,
particularly if unusually firm or soft, is suggestive of a
hypogonadal state. A careful neurological examination
should be done including assessment of fundi, visual
fields, and sense of smell.

Laboratory evaluation should include serum LH and
FSH levels, and a hand and wrist x-ray to determine bone
age. If growth rate is subnormal, assessment of growth
hormone secretion and thyroid function may be indicated.
If IGF1 levels are used as a screen for growth hormone,
levels should be compared with normal ranges for stage
of development and skeletal age, rather than chronological
age. Various studies may be indicated to rule out CNS,
renal, or gastrointestinal disease, and may include blood
and urinary pH, urinary specific gravity, sedimentation
rate, blood urea nitrogen, creatinine, and MRI of the head.
If testes are small and firm or if there is other evidence
suggestive of Klinefelter syndrome or other forms of
primary hypogonadism, determination of karyotype is in-
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dicated. Human chorionic gonadotropin (HCG) stimula-
tion testing is indicated if testes are nonpalpable or a tes-
ticular defect is suspected; only if gonadotropin levels are
not elevated. A rise in circulating testosterone levels to
higher than 300 ng/dl after 2–5 days of stimulation dem-
onstrates adequate Leydig cell function. Many hCG reg-
imens are used, ranging from 2 to 5 days. To stimulate
maximum testosterone response, 5 days of treatment are
sufficient. A dosage of 3000 units/m2 per injection stim-
ulates maximum response. Total dosage should be limited
to 3000 units per injection or 15,000 units for the treat-
ment period. To ensure maximum response, a minimum
of 5000 units should be given during the treatment period.
The drug may be administered two or three times a week.
A blood sample for the testosterone should be obtained
within 24 h from the last injection.

2. Elevated Gonadotropins: Primary
Hypogonadism, Testicular Failure

Initial testing will identify patients with elevated gonad-
otropin levels if bone age is over 12.5 years, indicating
inadequate testicular androgen production to suppress the
maturing hypothalamic–pituitary axis. Conditions of pri-
mary testicular failure listed in Table 5 should be a guide
to further evaluation. A karyotype in indicated unless there
is a documented history of destruction of normal testes
(e.g., torsion or radiation).

a. Klinefelter and Multiple Syndromes. Kline-
felter syndrome (47XXY), the most common cause of
hypergonadotropic hypogonadism, does not present with
delay in the onset of puberty, but puberty may not be
completed or progression may be slow. The most persist-
ent physical finding is small, usually firm, testes. Tall
stature, disproportionately long limbs, poor muscular de-
velopment and gynecomastia are characteristic. Hyper-
gonadotropism also occurs with other multiple X and Y
syndromes, generally with more severe genital and mental
impairment.

Elevation of FSH levels precedes pubertal age fol-
lowed by LH. Testosterone levels begin to rise at normal
ages, may attain adult male levels, but gradually diminish
with concomitantly increasing estrogen-testosterone ra-
tios.

b. Other Forms. Other forms of primary hypogo-
nadism in boys include the vanishing testis syndrome (an-
orchia) and acquired testicular failure secondary to bilat-
eral torsion, trauma, infection, and radiation. Patients with
primary hypogonadism and their parents should be in-
formed about therapeutic possibilities. Boys should be
counseled appropriately for their level of concern and un-
derstanding. The counseling should be based on an un-
derstanding of the two basic functions of the testes: male
hormone and sperm production.

Patients can be assured that the hormone can be re-
placed and that they will develop normal physically and
function normally sexually. They also need to understand

that their children may be created by fertility-assisted
methods available to couples, including sperm donation,
or by adoption. They should be given the choice to have
saline-filled prosthetic testes placed in the scrotum. If the
condition is discovered before pubertal hormonal stimu-
lation is appropriate, the implant should be delayed until
the scrotum has matured to accommodate adult-sized
prostheses. Having an empty scrotum appears to have
minimal psychological effects during boyhood; most ad-
olescent boys choose to have prostheses placed.

Hormonal replacement should begin at the usual age
of the onset of puberty (12.5–13 years) or as soon there-
after as the need is recognized. Occasionally, there are
reasons to delay treatment, including general growth fail-
ure, short stature, emotional or psychological immaturity.
The initial dosage may vary depending on whether there
has been any pubertal development, and the rapidity of
pubertal development desired based on the age, social and
intellectual maturation, and psychological needs of the pa-
tients (see section on therapy). Although early treatment
with androgens accelerates bone age and may ultimately
decrease adult height, if replacement therapy is given at
the age of usual pubertal development, it does not have a
detrimental effect on adult height (75). An initial low dos-
age is appropriate to avoid excessive genital stimulation,
including dramatic reddening and sensitivity in the genital
area and frequent, prolonged erections (76). The dosage
can then be titered upward over the ensuing months or
years.

3. Low Gonadotropin
If gonadotropin levels are low (Table 5), if there are no
organic or associated conditions of pituitary malfunction,
and if there is no other cause to account for delayed mat-
uration, it usually is not possible to determine whether
gonadotropin deficiency or simply delayed maturation ex-
ists. Gonadotropin, particularly LH, responses to GnRH
stimulation may be helpful if a clear pubertal response is
present. A rise consistent with a pubertal response may be
discernible before clinical evidence of the onset of pu-
berty, suggesting constitutional delay.

a. Constitutional Delay of Growth and Develop-
ment. Physiological delay of maturation, including pu-
berty, is characterized by a history of height and growth
rate since early childhood along or slightly below 2 stan-
dard deviations (SD) for age, normal health, and nutrition.
Biological age is usually delayed by about 2 years and
development milestones, including pubertal events, are
likewise delayed. Skeletal age is useful in estimating the
amount of delay, spontaneous puberty being expected
when skeletal age reaches 12–13 years in a boy. Such
delay occurs more frequently among boys than girls.

Growth rate is characteristically markedly decelerated
as the age of usual pubertal development is approached.
The lack of sex steroid stimulation of growth hormone
secretion results in a relative growth hormone deficiency,
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contributing to the diminished growth rate (77). Since
adult height is foreshortened among those with the
greatest delay and shortest stature, timely intervention
with temporary treatment using appropriate dosages of
testosterone must be considered to stimulate pubertal de-
velopment and increase growth hormone production.

b. Permanent Gonadotropin Deficiency
Isolated gonadotropin deficiency. This occurs more

frequently among boys than girls. Genetic causes include
genetic mutations involving the GnRH-receptor, the CNS
adhesion protein (KAL, anosmin), and the �-subunits of
LH and FSH (73, 74). Isolated gonadotropin deficiency is
characterized by normal stature, with the consequence of
lack of sex steroid stimulation of skeletal maturity includ-
ing disproportionally long limbs and delayed skeletal age.
CNS and facial developmental abnormalities (midline fa-
cial defects), neurosensory hearing loss and synkinesia
(mirror movements), anosmia, or hyposmia may be pres-
ent. The most common form of isolated gonadotropin de-
ficiency is Kallmann syndrome. Defects of Kallmann
syndrome involve the association of hypogonadotropism
and anosmia, olfactory bulb hypoplasia, and failure of de-
velopment and migration of GnRH-secreting neurons to
the hypothalamus. Not all patients with idiopathic hypo-
gonadotropism (IHH) have Kallmann syndrome, al-
though the latter is usually associated with more profound
hypogonadotropism. IHH may present with no pubertal
development, or with early but arrested changes. Most
cases of Kallmann syndrome are sporadic, although au-
tosomal recessive, autosomal dominant, including (father-
to-son transmission), and X-linked modes of inheritance
have been described (78). Normal GnRH structure is pres-
ent in most patients with IHH, although deletion of the
KAL1 gene has been described (79, 80), involving an ex-
tracellular adhesion molecule involved in the migration of
GnRH neurons from the olfactory placode to the hypo-
thalamus. Familial forms appear to be due to mutation at
one of several different loci rather than a single gene.

Anatomical abnormalities in the hypothalamic–pitu-
itary region. Intracranial neoplasms, including cranio-
pharyngiomas, germinomas, gliomas, and prolactinomas,
may result in GnRH or gonadotropin deficiency.

Syndromes with hypogonadotropism. Laurence-
Moon-Biedl syndrome (also with retinitis pigmentosa,
polydactyly, obesity, and mental retardation) and its Bar-
det-Biedl subgroup with dystrophic extremities (polydac-
tyly, syndactyly, brachydactyly), obesity, and retinal dis-
ease with several genetic loci identified is associated with
hypogonadism, more commonly among boys than girls.
Hypogonadotropism may also occur in association with
Prader-Willi, Alstrom, Rud, Bloom syndrome and other
syndromes listed in Table 5.

c. Pathological Delay of Pubertal Gonadotropin Se-
cretion. Gonadotropin hyposecretion among those with
potential for normal secretion may delay the onset of pu-
berty among boys, or occur during or after puberty sec-

ondary to severe physical or mental stressful conditions.
Delay occurs with chronic disease associated with mal-
nutrition such as Crohn’s disease, other chronic inflam-
matory disease, cystic fibrosis, hypothyroidism, and
poorly controlled diabetes mellitus.

When pubertal delay occurs with low gonadotropin
levels, hormonal treatment can be begun, even if delay
cannot yet be differentiated from deficiency. Short-term
treatment with testosterone (Fig. 9) is appropriate if age
and psychosocial development indicate a need for phys-
ical pubertal maturation. Such exposure to androgens at
a biological age (bone age) of 12–13 years or older has
no apparent detrimental effects upon either those with
constitutional delay or hypogonadotropic hypogonadism
(75). Subsequent development, in the former, is normal,
and spermatogenesis in response to exogenous gonado-
tropin stimulation, in the latter, is not different among
those who have received previous testosterone treatment
(81).

Androgen treatment administered as an intramuscluar
(IM) injection, transdermal patch, or gel can be given for
an initial course of no longer than 4–6 months. The IM
dosage can range from 50 to 100 mg IM every 4 weeks;
the lowest available dosages of the dermal patches or gel
can be used. The patches can also be used only overnight,
rather than for 24 h initially. This avoids the embarrass-
ment that may result from others seeing the patch if worn
during other activities. After the initial months of stimu-
lation, no treatment should be given for at least 2 months
so that endogenous testosterone levels can be measured.
If testosterone levels have risen to the pubertal range
(>100 ng/dl), this suggests a diagnosis of delay. Treatment
may be continued, if height and development are mark-
edly delayed until endogenous levels are greater than 275
ng/dl. Patients should be evaluated at intervals of 6
months or longer to assess progression of puberty and
testosterone levels. Values >300 ng/dl verify normal hy-
pothalamic–pituitary–testicular function. Such a level
provides a basis to assume that pubertal growth will pro-
ceed without further exogenous therapy.

If testosterone levels are still low, more time, during
which a second course of testosterone treatment may be
given, may be required to determine if gonadotropin de-
ficiency exists. If this diagnosis is made, based on per-
sistently low LH, FSH, and testosterone levels, androgen
replacement therapy should be continued to ensure full
physical pubertal development and maintained. Males
with hypogonadotropism should be informed that sper-
matogenesis and fertility is potentially possible among
some after exogenous biosynthetic gonadotropin therapy.
However, only a portion of patients so treated respond
with adequate spermatogenesis; there a correlation be-
tween initial testicular volume and response (9). Because
of its expense and injection schedules, such treatment is
not indicated until fertility is desired. Testosterone re-
placement is the treatment of choice until that time.
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Figure 9 Genitalia of a boy with delayed puberty before (left) and after (right) five monthly injections of 200 mg testosterone
enanthate IM. Pubertal development was Tanner 2 before the injections and skeletal age was 12-1/2 years at 14-8/12 years of
age. After the injections at 15-2/12 years pubertal development progressed to Tanner 4. A subsequent endogenous testosterone
level of 192 ng/dl verified a diagnosis of constitutional delay of puberty.

4. Therapy
Full replacement of androgen is required to attain and
maintain an adult male state physically and sexually. This
may be given as an injection or transdermally. Adult re-
placement of the depot injection of testosterone is a dos-
age up to 100 mg/week, given at intervals of 2 weeks
(200 mg) or 3 weeks (300 mg). Injections every 4 weeks
of 400 mg are not recommended because they result in
supraphysiological levels for 7–10 days and, then, during
the fourth week the levels are subnormal. The transdermal
patches or gel can be used. The initial dosage depends
upon the age and maturity of the patient and the rapidity
of pubertal development desired. Optimal dosing may not
be available because of packaging limitations. Dosages
can be gradually titered upward to full replacement dos-
ages after 3–4 years. Patients can be reassured that others
cannot tell that exogenous therapy is stimulating or main-
taining their physical development. Pubertal maturity, ex-
cept testicular growth, and sexual function can be ex-
pected to be normal. If accessory sexual glands are
appropriately formed, ejaculation, semen volume and ap-
pearance are normal.

Other forms of androgen therapy, including oxandro-
lone, fluoxymesterone, and methyltestosterone buccal or
oral tablets do not provide full replacement and have lim-
ited usefulness. Oral replacement of methyltestosterone is

associated with hepatocellular malignant changes. Re-
placement therapy with aqueous testosterone injections re-
quires at least daily administration.

Some hypogonadotropic hypogonadal boys have the
potential for spermatogenesis and testosterone production
if appropriately stimulated with gonadotropin. Such ther-
apy is limited to adult men at the time they desire pater-
nity.

Because height may be foreshortened among males
with marked delay of puberty, and since estrogen stimu-
lates skeletal maturity, aromatase inhibitors are being used
to attempt to increase adult height (82).

5. Outcome
While it is assumed that boys with constitutional delay of
puberty acquire normal sexual and reproductive function,
this has not been carefully studied. With appropriate use
of sex steroids, growth is completed without loss of adult
height (83, 84). Evaluation has indicated that those who
have considerable delay may not reach their genetically
expected height, and have a persistence of segmental dis-
proportion of relatively long leg length (85,86). Further-
more, bone mineral density may be diminished, even after
full pubertal virilization is complete (87). These data pro-
vide evidence for early intervention, with androgen ther-
apy precluding the prolonged period of growth decelera-
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tion, increased long bone growth effects upon body
proportions, and diminished bone mineral density accrual.

C. Girls

1. Assessment
Delay of onset of pubertal development is a less common
complaint among girls than among boys and is more
likely to have an underlying pathological cause. Delay
should be assessed if breast and pubic hair development
has not begun by age 13 years or menarche by 15.5–16
years. Also, lack of completion of pubertal development
to Tanner stage 5 within 4 years is considered delay. Cat-
egorization of patients as having elevated or low gonad-
otropin levels (Table 5) should be done initially together
with documentation of skeletal age (bone age x-ray). In-
itial assessment should include a careful history looking
for evidence of chronic illness (e.g., occult Crohn’s dis-
ease), endocrinopathy, prior illnesses and therapy, sense
of smell, and a family history of lack of puberty or infer-
tility (Kallmann syndrome). Growth patterns should help
differentiate those with short stature who are more likely
to have constitutional pubertal delay or chronic illness
from those with permanent gonadotropin deficiency and
rare forms of primary hypogonadism who are normal or
tall. The physical examination should concentrate on body
proportions, breast and genital development, neurological
examination, and stigmata suggestive of Turner syn-
drome. Laboratory evaluation should generally be similar
to that for boys, although hCG testing is not indicated
since hCG alone does not stimulate precocious puberty in
girls. Karyotype should be included if the patient has
unexplained short stature. Among patients with normal
physical pubertal development presenting with amenor-
rhea, pregnancy must be ruled out.

In an attempt to differentiate patients with a perma-
nent defect from those with delayed or temporary hypo-
gonadotropism, GnRH-stimulated gonadotropin testing
may be helpful in the older adolescent. Persistence of low
basal or GnRH-stimulated LH and FSH levels in a patient
in the late teenage years with a bone age over 11–12 years
is indicative of a defect of gonadotropin secretion.

Delayed menarche or secondary amenorrhea may re-
sult from lack of gonadotropin or ovarian failure, or may
be the consequence of hyperandrogenism, anatomical ob-
struction (including imperforate hymen) precluding men-
strual outflow, or vaginal and uterine agenesis (Mayer-
Rokitansky-Kuster-Hauser syndrome).

2. Elevated Gonadotropins
Hypergonadotropism occurs with primary gonadal failure.
If elevated gonadotropin levels are found and there is not
ample evidence to explain the hypergonadotropic state,
such as surgery, radiation, and chemotherapy, a karyotype
evaluation should be done.

a. Turner Syndrome. The most common cause of
primary amenorrhea associated with primary gonadal fail-
ure is Turner syndrome. Ovarian pathology involves
early loss of oocytes and accelerated stromal fibrosis. The
classic findings of Turner syndrome are short stature,
primary hypogonadism, a diversity of congenital anoma-
lies associated with the loss of absence of all or part of
an X chromosome (45X- [about 50%-] or 45X/mosaic
karyotype). Among the majority, the maternal X is re-
tained. The missing sex chromosome may have been ei-
ther a paternal X or Y. Sensitive molecular techniques
have revealed that some girls with Turner syndrome carry
Y chromosomal material (88). The consequences of this
are unknown unless Y material associated with malignant
degeneration is present. Mosaic karyotypes and structural
abnormalities of the X chromosome account for some of
the variation of clinical features. Haplo insufficiency of
the short stature homeobox (SHOX) gene found on the
short end of both sex chromosomes is associated with
skeletal anomalies and short stature (89, 90). These in-
volve facial, palatal, and middle ear development. Other
stigmata, including low hairline, webbed neck, hand, feet,
chest, and nipple configuration, appear to be a conse-
quence of fetal edema. Cardiovascular, renal, and po-
tentially associated autoimmune diseases may require
specific therapy. Some aspects of mental and social func-
tioning may be impaired. Rarely, ovarian function persists
enough so that spontaneous breast development may oc-
cur (91), although endogenous estrogen secretion is usu-
ally inadequate for full puberty. Normal ovarian function,
with menstruation, ovulation, and successful pregnancy
occurs very rarely.

b. 46,XY Gonadal Dysgenesis. Delayed puberty in
a phenotypic female is a typical presentation for 46,XY
complete gonadal dysgenesis, female genital differentia-
tion being the constitutive result of the complete lack of
testicular function. Rarely, mutations of the SRY gene
may be present (92, 93). Familial gonadal dysgenesis has
been described in which the phenotype and gender of rear-
ing differed between family members despite a common
mutation in the SRY gene in all affected family members
(94). Duplication of the portions of the short arm of the
X chromosome that includes the DAX1 gene is another
identified genetic cause of 46,XY sex reversal (95). Am-
biguous internal and external genitalia or some pubertal
changes may be noted in patients with incomplete or par-
tial forms of 46,XY gonadal dysgenesis. Gonadectomy is
generally recommended since dysgenetic gonads have in-
creased risk of developing dysgerminomas or gonado-
blastomas.

c. 46,XX Gonadal Dysgenesis. In rare cases, pure
ovarian agenesis with a 46,XX karyotype also occurs, be-
ing characterized by normal or tall height, no dysmorphic
features, normal female external genitalia, and hypoplastic
or no ovarian development. Presentation may be with
some breast development but amenorrhea. A report of
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46,XX and 46,XY sisters with gonadal agenesis provides
evidence for an autosomal locus involved in gonadal dif-
ferentiation (96). Perrault syndrome is XX gonadal dys-
genesis and sensorineural deafness (97).

d. Mixed Gonadal Dysgenesis. Individuals with
mixed gonadal dysgenesis (98), commonly having a kar-
yotype of 45,X/46,XY, may have somatic features typical
of Turner syndrome, including short stature, although
genitalia may be masculinized. Genital development re-
flects in utero testosterone exposure and range from fe-
male to ambiguous, to male. The gonads are often asym-
metrical, with streak ovaries or dysgenetic testes. External
genital development may likewise be asymmetrical. Dys-
genetic testes and the Y chromosome increase the risk of
gonadoblastoma and virilization at puberty. Based upon
physical findings, sex of rearing may have been as-
signed as male or female. Among females, estrogen re-
placement is generally required to induce puberty. Spon-
taneous breast development may occur; however, this may
be a consequence of an estrogen-secreting gonadoblas-
toma.

e. Congenital Adrenal Hyperplasia. Although
most enzyme deficiencies present with other complaints
at younger ages, 17-hydroxylase-17,20-lyase deficiency
(99), characterized by elevated progesterone, pregneno-
lone 17-hydroxyprogesterone, and 17-hydroxypregneno-
lone levels, is associated with deficient estrogen synthesis.
Female patients are phenotypically normal and present
with pubertal delay. Hypergonadotropic hypogonadism
becomes evident during adolescence with congenital li-
poid adrenal hyperplasia.

f. Acquired, Including Autoimmune, Gonadal Fail-
ure. Prepubertal or pubertal gonadal injury may result in
hypergonadotropic hypogonadism. The ovary is less vul-
nerable than seminiferous tubules to injury. Chemother-
apy, particularly nitrogen mustard compounds, for malig-
nancies or immunological disorders may damage the
gonads. The degree of injury is greater when chemother-
apy occurs during rather than before puberty (100). Pelvic
irradiation may damage reproductive function, although
many girls treated for acute lymphocytic leukemia appear
to retain ovarian function (101). Autoimmune oophoritis
usually presents after puberty, only rarely during pubertal
years (102). It may be associated with type I autoimmune
polyglandular syndrome, characterized by hypoparathy-
roidism, Addison’s disease, vitiligo, hypothyroidism, and
pernicious anemia. Galactosemia may be associated with
ovarian failure (103).

g. Gonadotropin Receptor Mutations. Hypergo-
nadotropic hypogonadism may also be associated with lu-
teinizing hormone receptor mutations. In XX females, the
presentation is primary amenorrhea, elevated serum LH
and low estradiol levels, rather than delayed puberty (104,
105). XY males with LH receptor mutations have pre-
sented with female external genitalia, absence of muller-

ian structures, and lack of breast development. Biopsy of
the inguinal gonads shows absence of Leydig cells, but
Sertoli cells, spermatogonia and primary spermatocytes.
Limited response to hCG administration has been dem-
onstrated. Mutations in the FSH receptor gene have been
identified in women presenting with primary amenorrhea,
normal breast development, and elevated FSH. Numerous
small follicles up to the antral stage are present in the
ovaries, but there is disruption of later stages (106, 107).

h. Complete Androgen Insensitivity Syndrome. Pa-
tients with androgen insensitivity may present with inad-
equate progression of female puberty (108, 109). Breast
onset typically occurs at an appropriate age; complaints
may include amenorrhea or lack of sexual hair.

3. Low Gonadotropin Levels
If gonadotropin levels are low, the search for the cause is
also an attempt to determine if the hypogonadotropism
represents a delay in maturity or a permanent hypotha-
lamic–pituitary defect.

If there is an underlying chronic illness, prolonged
pharmacological glucocorticoid therapy, excessive emo-
tional stress, unusual physical activity, or an inadequate
nutritional state, the hypogonadotropism is likely a sec-
ondary and potentially reversible condition (110). Chronic
conditions related to pubertal delay may include anorexia,
inflammatory bowel disease, cystic fibrosis (111), and
chronic renal failure. If the underlying problem can be
adequately treated, normal gonadotropin secretion should
follow. Conversely, while the underlying problem persists,
estrogen therapy is relatively ineffective. Noonan’s syn-
drome may be associated with delayed pubertal develop-
ment; most patients attain normal ovarian function.

a. Permanent Deficiency
Idiopathic hypogonadotropism. Idiopathic hypogo-

nadotropism (IHH) is less common in females than in
males. Kallmann syndrome is associated with anosmia.
DAX1 mutations result in IHH in association with con-
genital adrenal hyperplasia (112). Multiple pituitary hor-
monal deficiencies, including gonadotropism may be con-
genital or acquired. Congenital defects may be associated
with septo-optic dysplasia or midline facial defects. Ac-
quired defects may occur with histiocytosis X, sarcoido-
sis, radiation therapy, and hemochromatosis (113).

FSH gene mutations. Primary amenorrhea in other-
wise normal XX females occurs with FSH � gene muta-
tions. LH levels are elevated and FSH low or undetectable
(114). A normal response to exogenous FSH can be elic-
ited in affected patients.

Multiple congenital or acquired pituitary deficien-
cies. Hypogonadotropic hypogonadism may also occur
in association with other anterior pituitary hormone defi-
ciencies. Both congenital and acquired disorders may in-
volve the hypothalamus and/or the pituitary. Midline fa-
cial defects, septo-optic dysplasia, or ectopic location of
the posterior pituitary at the base of the hypothalamus
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may coexist with congenital hypopituitarism. Structural
abnormalities may result from craniopharyngiomas, ha-
martomas, gliomas, and hypothalamic cysts. Histiocytosis
X, sarcoidosis, infiltration (Wilson’s disease and hemo-
chromatosis) and radiation therapy may cause acquired
hypopituitarism. Granulomatous infiltrates may interfere
with GnRH, LH, and FSH release. Deficiency of more
than one pituitary hormone, except in idiopathic hypopi-
tuitarism diagnosed in early childhood, strongly suggests
an anatomical lesion, particularly if diabetes insipidus or
hyperprolactinemia is present.

b. Temporary Hypogonadotropism with Potential of
Normal Function. Constitutional delay of puberty is rel-
atively rarer among girls than boys and should be a di-
agnosis of exclusion. Such children are healthy and have
short stature and delayed bone age. Bone age progresses
in this condition, in contrast to cases with a persistent
chronic disease.

Several conditions associated with functional hypo-
gonadotropic hypogonadism may have similar neuroen-
docrine dynamics (115). Increases in physical activity, de-
ficiency of calories, and mental disturbances appear to
impair hypothalamic–pituitary–ovarian function progres-
sively while correction of energy imbalance is followed
by correction

c. Prolactinomas. Prolactinomas may present with
delayed puberty or arrested pubertal development, pri-
mary or secondary amenorrhea, and low gonadotropins.
Galactorrhea may not be present. Treatment includes
bromocriptine, transsphenoidal surgery, or pituitary irra-
diation (116, 117).

Hemochromatosis. Hemochromatosis leading to pi-
tuitary infiltration, whether idiopathic or secondary (sickle
cell disease or thalassemia), may also result in gonadotro-
pin deficiency because of deposits in the gonadotropin-
producing cells and present with delayed puberty (113).
Reversal of the pituitary gonadotropin deficiency and re-
covery of reproductive function may follow aggressive
phlebotomy and chelation therapy in patients with the id-
iopathic and familial forms of the disease (118).

Physical and psychological deprivation. Delayed or
arrested puberty may occur in athletes and with chronic
illnesses, particularly anorexia nervosa (110). The latter is
often associated with delayed puberty, slowing of normal
pubertal progression, primary or secondary amenorrhea,
and osteopenia (119). Inadequate caloric intake (120) or
excessive physical exertion contributes to the temporary
physiological delay. Pubertal delay is a consequence of
hypothalamic hypofunction resulting from strenuous ex-
ercise, stress-related and intentional caloric restriction, es-
pecially in activities such as ballet, gymnastics, or track.
The GnRH pulsatile pattern is altered, resulting in low
gonadotropin levels (121).

Chronic illness. The chronic illnesses frequently as-
sociated with delayed puberty (e.g., inflammatory bowel
disease, cystic fibrosis, chronic renal disease, and poorly

controlled diabetes mellitus) are characterized by under-
nutrition. Mechanisms resulting in failure of gonadotropin
secretion are likely similar to those in the deprivational
conditions discussed above.

Hypothyroidism. Untreated primary hypothyroidism
during childhood delays maturation, as indicated by de-
layed skeletal age, most commonly resulting in pubertal
delay. Onset during or after pubertal development is as-
sociated with menstrual disorders, primary or secondary
amenorrhea, and menometrorrhagia.

Cushing Syndrome. Glucocorticoid excess, either
endogenous or exogenous, among children or adolescents,
may result in pubertal delay, amenorrhea, and low gonad-
otropin levels.

Syndromes associated with gonadotropin defi-
ciency. Syndromes with hypogonadotropic hypogonad-
ism include the Laurence-Moon-Biedl syndrome. Hypo-
gonadism is less common among females; hirsutism and
elevated LH levels appear to be more common (122).
Other syndromes are listed under the section on boys.

4. Treatment
Replacement therapy for girls should eventually consist of
cyclic estrogen–progesterone therapy. However, initial
therapy for young pubertal-aged patients can be daily low-
dosage estrogen therapy for 6, to, at most, 12 months. If
breakthrough bleeding occurs during this time, cyclic
medication should be initiated. The lowest available es-
trogen dosage preparation (such as Premarin 0.3 mg or
ethinyl estradiol 0.02 mg daily), or the transdermal patch
(Estraderm 0.025 mg applied once or twice a week) may
be used as initial treatment. Cyclic estrogen–progesterone
therapy can be given by administering low-estrogen birth
control pills. Alternatively, a daily estrogen regimen or the
transdermal form can be used for the first 3 weeks (21
days) of the calendar month, regardless of the length of
the month, with progesterone added for the last 10 of the
21 days (day 12 to day 21). With this regimen the patient
is easily aware, based on the actual date, of what pills she
should take. From the 22nd until the end of the month,
no matter how many days in the month, she should take
no medication. On the first of the month, even if her pe-
riod has not stopped, she should begin estrogen again. The
dosage of estrogen can be varied, based on the rapidity
and adequacy of pubertal development. Ethinyl estradiol
(0.02–0.10 mg/day), conjugated estrogen (0.3–1.25 mg/
day), or transdermal treatment to deliver 0.05 or 0.1 mg
daily can be used. Once full pubertal development has
been reached, the estrogen dosage should be the minimum
that will maintain normal menstrual flow and prevent
calcium bone loss, equivalent to 0.625 mg conjugated
estrogen. Progesterone in this regimen can be given as
medroxyprogesterone (5 or 10 mg/day) or norethindrone
(5 mg/day). Various low-dosage oral contraceptives may
also be used.
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Among girls with a tentative diagnosis of constitu-
tional delay, the therapy should be reassessed at 6 month
intervals to determine if pubertal hormonal activity has
begun.

It should be recognized that spontaneous pubertal de-
velopment or menstruation may rarely occur in patients
with Turner syndrome; replacement therapy may not be
needed in all patients, and fertility may occur (123). Pa-
tients with Turner syndrome, and others with ovarian
failure but normal mullerian duct differentiation, are can-
didates for assisted fertility using donated ova (124).

Growth potential and skeletal maturation can be mon-
itored using periodic bone age x-ray films at intervals no
more frequently than every 6 months. Growth hormone is
an indicated therapy for Turner syndrome. Testing for
growth hormone deficiency and possible growth hormone
therapy should be considered among those with severe
short stature or subnormal growth rates.

Psychosocial aspects of delayed pubertal develop-
ment may be associated with poor socialization, school
performance, and self-esteem. Parents and teachers should
be encouraged to relate to the child according to her age
rather than appearance and to encourage appropriate re-
sponsibilities and independence (125).
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I. INTRODUCTION

Humans need an intact X chromosome to survive. When
all (or part) of the second sex chromosome (the X or the
Y chromosome) is absent, a characteristic prenatal and
postnatal phenotype results. Of the small percentage that
survive to term, affected individuals are phenotypic fe-
males with dysgenetic ovaries, short stature, and other
typical but highly variable dysmorphic features (Fig. 1).

Otto Ullrich first described the syndrome in a case
report in the German literature in 1930 and later recog-
nized the neonatal presentation with lymphedema. Uni-
versity of Oklahoma Professor Henry Turner, whose name
is inextricably linked with the syndrome, described seven
patients with ‘‘infantilism, congenital webbed neck, and
cubitus valgus’’ in 1938 (2). Turner became the first phy-
sician to use medical therapies in patients with Turner
syndrome (TS), administering injections of various pitui-
tary extracts and estrogen-containing preparations to sev-
eral of his patients. Rudimentary ovaries (‘‘streak go-
nads’’) were identified as the cause of Turner’s sexual
infantilism in 1944 by Wilkins and Fleishman (3), and the
term 45,X gonadal dysgenesis is often used to identify TS
(4). Other manifestations of the syndrome were cata-
logued during this period and collectively termed Turner
stigmata (5).

TS was associated with X chromosome monosomy in
1959 by Ford et al. (6) in a prepubertal 14-year-old with
short stature and typical features. The development of rou-
tine cytogenetic analysis in the 1960s led to recognition
of the diversity of chromosomal complements associated
with TS (7, 8). Most patient series have reported that ap-
proximately half of TS patients have a 45,X karyotype,
while others have a mosaicism of 45,X cells with normal
cells or with structural anomalies of the second X, the

most common being isochromosome (duplication) of the
long arm (9). Mosaicism is more common, however, when
stringent cytogenetic methods are utilized. The relative
proportions of karyotypes found in representative patient
series are presented in Table 1 (10, 11).

II. FEATURES OF TURNER SYNDROME

A. Ascertainment Patterns

TS may be detected incidentally during prenatal diagnos-
tic procedures for advanced maternal age, and it appears
that the majority of these pregnancies are electively ter-
minated. Unlike trisomies or Klinefelter syndrome, the in-
cidence of TS does not increase with maternal age (12),
therefore a relatively small proportion of affected fetuses
are ascertained. TS is also suspected, like other aneu-
ploidies, by increased nuchal thickness or other ultraso-
nographic anomaly, such as aortic coactation, or by ele-
vated maternal �-fetoprotein, estriol, or �-human chorionic
gonadotropin (�hCG), leading to confirmation by karyo-
typing.

Perhaps a third of TS patients are identified at birth
by pterygium coli (webbed neck), lymphedema of the
hands and feet, or coarctation of the aorta. Most of these
infants have 45,X karyotypes (Fig. 2; 13), because these
physical findings, in contrast with other stigmata of TS,
are more common in patients with complete X monosomy
than in patients with mosaicism or structural abnormality
of the X.

TS is additionally suspected in many girls in early to
midchildhood when growth failure results in a height no-
ticeably below the normal range. Nevertheless, many pa-
tients will not be recognized until pubertal failure or short
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Figure 1 Schematic drawing of features of Turner syndrome commonly visible on physical examination. (Modified from
Rosenfeld RG, Turner syndrome: a guide for physicians. Turner syndrome Society, Wayzata, Minnesota, 1989.)

stature in the teenage years leads to medical evaluation.
The diagnosis may even be delayed until referral in adult-
hood for primary or secondary amenorrhea, infertility, or
recurrent miscarriage. Patients also are occasionally de-
tected on the basis of one of the less evident features of
TS, such as facial or bony abnormalities, learning prob-
lems, strabismus, or otitis or hearing loss. It is likely that
some patients with mosaicism have manifestations that are
mild enough to escape detection altogether.

B. Fetal Demise

X monosomy is the most commonly occurring sex chro-
mosome anomaly, but 90% or more of Turner conceptuses
are spontaneously aborted. It is probable that more than
1% of conceptions involve X chromosome loss. As many
as 10% of spontaneously aborted fetuses have 45,X kar-
yotypes (14). As a result, TS is common prenatally but
occurs with an incidence of only about 1:2000–2500 live
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Table 1 Percentages of Karyotypes in Four Series of Patients with Turner Syndrome

Karyotype
Palmer and

Reichman (9) Hall et al. (10) Park et al. (11) Held et al. (17)

45,X 58.2 55.0 61.2 20.7
46,XisoXq 7.3 5.5 6.0 5.7
Mosaicism (with 45,X)

/46,XX 8.2 13.4 11.2 17.2
/46,XisoXq 11.8 4.7 7.8 12.6
/46,XringX 5.5 3.9 1.7 3.5
/46,XY 5.4 3.1 2.6 2.3
/46,XXp- 0.9 0.8 2.6 2.3
/46,XXq- 0 1.6 1.7 3.5
/47,XXX and /46,XX/47,XXX 1.8 0.8 0.9 6.9
/46,X�marker 0 0.8 0 18.4

Figure 2 Age of diagnosis in 100 patients with TS. Note
the greater percentage of patients with 45,X karyotype di-
agnosed in infancy. (From Ref. 13.)

female births, making the syndrome less common post-
natally than either 45,XXY (Klinefelter syndrome) or
45,XXX. Because the peak of fetal deaths occurs at about
12 weeks of gestation, most 45,X fetuses are spontane-
ously aborted prior to amniocentesis. A smaller proportion
of fetuses is aborted in the second trimester, with autopsy
findings of massive lymphedema and cystic nuchal hy-
groma (15).

It has been contended that all fetuses with 45,X kar-
yotypes are spontaneously aborted and that all liveborn
individuals with TS, due to early mitotic errors, are X
chromosome mosaics, whether cytogenetically detectable
or occult (14, 16). Aborted fetuses with X chromosome
loss are, indeed, overwhelmingly 45,X, implying a rela-
tive fetoprotective effect of mosaicism. By employing
techniques such as PCR and FISH, Held et al. (17) were
able to document approximately 80% mosaicism in live-

born TS, largely by the detection of small marker chro-
mosomes in some cell populations (Table 1). Mosaicism
may be present in multiple tissues without detectability in
blood cells, and presence of mosaicism in the trophoblast
or in placental tissue might be all that is required to avoid
lethality. A recent study uncovered a previously unre-
ported sex chromosome mosaicism in 90% of TS patients,
primarily by FISH for X and Y markers (18). It seems
clear that mosaicism occurs more commonly that usually
reported, but obligate mosaicism in liveborn TS has not
been unassailably proven.

C. Cardiac Anomalies

Echocardiography should be performed as soon as the di-
agnosis of TS is confirmed. Long known to be associated
with TS, coarctation of the aorta occurs in 10–15% of TS
patients (19–21). Echocardiography has revealed other
common left-sided anomalies in TS, including aortic ste-
nosis, aortic insufficiency, and anomalous pulmonary ve-
nous return (Table 2). The most frequent anomaly is prob-
ably bicuspid aortic valve, either alone or associated with
an accompanying lesion such as coarctation (22). Both
aortic coarctation and bicuspid aortic valve occur more
commonly in association with a 45,X karyotype than with
mosaicism or structural abnormality of the X. The spec-
trum of left-sided cardiac lesions in TS includes the hy-
poplastic left heart syndrome (23, 24), which, like aortic
coarctation, is an indication for chromosomal analysis in
a female fetus or infant (25).

In studies of second trimester fetal pathology, a high
frequency of these types of heart vessel defects has been
noted in association with edema, nuchal cystic hygromas,
and lymphatic aberrations at the base of the major vessels,
suggesting a causal link between lymphedema and cardiac
anomalies (26). However, cardiac anatomy has been nor-
mal in many fetuses with severe edema, and the cause of
cardiac defects remains conjectural (see discussion of
SHOX, below).
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Table 2 Prevalence of Cardiac Malformations in Turner Syndrome by Echocardiography in
Three Large Series

Gøtzsche (19) Sybert (20) Mazzanti (21)

Total subjects (n) 179 244 594
Subjects with structural abnormalities (%) 46 (26) 96 (40) 136 (23)
Coarctation 18 (10) 34 (14) 41 (7)
Bicuspid valve 25 (14) 28 (11) 74 (13)
Aortic stenosis/insufficiency 5 (3) 11 (5) 19 (3)
Anomalous pulmonary venous drainage NA 2 (1) 17 (3)
Other (ASD, VSD, hypoplastic left, etc.) 0 (0) 25 (10) 17 (3)

In clinical terms, TS patients are at risk for cata-
strophic aortic dissection and aneurysmal rupture; more
than 50 cases have been reported to date (19, 27, 28).
Most aortic ruptures in TS are thoracic. Most of the fa-
talities have occurred in young women with pre-existing
cardiac anomaly or hypertension, but a significant per-
centage of deaths has occurred in individuals without
known risk factors. Cardiac evaluation is mandatory in
any TS patient with chest pain or shortness of breath. Mild
aortic root dilation (about �1 standard deviation [SD]) by
echocardiography or magnetic resonance imaging (MRI)
is observed in TS girls matched with controls for body
size, but it is not known whether routine follow-up ech-
ocardiography is helpful in anticipating aortic dissection.
We currently recommend regular cardiological and echo-
cardiographic follow-up for those with a cardiac lesion or
hypertension, and repeat echocardiography in all other TS
patients at cessation of growth therapy.

D. Renal Anomalies and Hypertension

Renal ultrasound is recommended for all patients at the
time of diagnosis. The cause of renal abnormalities in TS
is unknown, and cardiac and renal anomalies usually oc-
cur independently. Most renal anomalies are silent and do
not become clinically significant. Renal dysmorphism was
documented by ultrasound in one-third of 141 patients
with various karyotypes in the early series of Lippe
et al. (29). The most frequent abnormalities were double
collecting systems, horseshoe kidney, and rotational ab-
normalities, each occurring in 5–10% of patients. Abnor-
malities requiring urological referral included ureteropel-
vic and ureterovesicle junction obstruction (6%) and
absent kidney (3%). In their study, the incidence of renal
dysmorphology in girls with 45,X karyotype was 45%,
compared with 18% in other karyotypes combined. The
greater prevalence of some renal anomalies in 45,X has
been confirmed by at least two more recent patient series.
A Turkish study of 82 TS patients found the prevalence
of horseshoe kidney to be 11%, with eight of nine asso-
ciated with a 45,X karyotype, whereas collecting duct ab-
normalities (overall 21%) were as likely with mosaicism
or X structural abnormality (30).

Hypertension is common in adolescents and adults
with TS. Although elevated pressures secondary to renal
causes can occur, hypertension in TS is usually essential.
A recent study documented systolic pressures above the
95th percentile in 21% of adolescents with TS (31, 32).

E. Craniofacial and Skeletal Anomalies

The facial appearance of girls with TS may include epi-
canthal folds, ptosis, downslanting palpebral fissures,
maxillary and mandibular hypoplasia, prominent or mal-
formed ears, neck webbing, low hairline, and short neck.
Many of these features may represent consequences of
fetal edema. However, patients may have few of these
phenotypic characteristics, and the features most classi-
cally associated with TS, neck webbing and low hairline,
are only present in a minority of girls. Reconstructive sur-
gery of the ears or neck is controversial, due to the re-
ported frequency of keloid formation.

Patients may have a high arched palate, which can
contribute to the feeding difficulties commonly encoun-
tered in infancy or to speech problems. Anatomical anom-
alies at the cranial base probably alter the angle of the
eustachian tube, leading to the high incidence of otitis
media. Sinusitis and mastoiditis are also common. Inci-
dence of hearing loss in TS, which can be either conduc-
tive or sensorineural, may be as high as 30% in children
and 90% in adults (33, 34). The small jaw and high palate
are associated with orthodontic problems, such as crowd-
ing and malocclusion (35).

Diverse bone abnormalities are found in TS, but they
are usually documented only after the diagnosis has been
made (36). The most common anomalies are short fourth
metacarpal and cubitus valgus. Infrequent skeletal abnor-
malities include Madelung’s deformity of the wrist, sternal
deformities, and genu valgum. The common bone abnor-
malities appear to be seen equally in patients with 45,X
monosomy, structural abnormality, or mosaicism. Cubitus
valgus and Madelung’s wrist deformity are easily seen on
physical examination, and short fourth metacarpal is
found on examination or on bone age films. Patients
should be routinely evaluated for scoliosis, which may
worsen as growth therapies are initiated. Congenital dis-
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location of the hip may be seen in infants with TS. Many
investigators have documented short-leggedness and ab-
normal body segment ratios in TS, and patients tend to
exhibit a short, ‘‘square’’ body habitus (37). The appear-
ance of widely spaced nipples (shield chest) may be at-
tributable to this phenomenon.

F. Osteopenia

Osteopenia has been widely reported in adults with TS,
but the relative contributions of an underlying bone dys-
plasia or insufficient acquisition and maintenance of bone
mass, due to a presumably avoidable hypoestrogenism,
are still unclear. Typical modern assessment of bone min-
eral is by dual X-ray absorptiometry (DXA) determination
of bone mineral content (BMC) and density (BMD). Since
both are dependent upon body and bone size, DXA un-
derestimates bone density in TS, unless adjusted volu-
metrically or interpreted using appropriately matched con-
trols.

In a survey of Swedish TS patients, half of those over
45 years old had osteopenia by DXA (38), and even pa-
tients receiving long-term estrogen replacement therapy
had deficits in spine and radial bone density. In a report
by Stepan (39) mean lumbar BMD was �4.5 SD in un-
treated subjects and �2.3 SD in those who had received
estrogen replacement. Sylven et al. (40), comparing 47 TS
women (mean age 47.9 years) with controls matched for
age and weight, found a mean whole body BMD of �1.23
SD in the TS subjects; length of hormonal replacement
therapy was found to be the significant variable. In an-
other study evaluating BMD and fracture rate in 40 TS
patients and 40 subjects with other forms of primary
amenorrhea (PA), BMD was low in both TS and PA com-
pared with controls (41). Corrected for height and weight,
the TS group had a better bone density measure than the
PA group, but fractures were increased in both groups.

Taken together, these studies argue that osteopenia
can be a problem in TS, potentially leading to fractures.
Nevertheless, there are no convincing reports of increased
rates of spinal compression and hip fractures in Turner
women. This is surprising given that for each standard
deviation that BMD falls below the mean in the normal
population, the risk of pathological fracture rises two- to
threefold. Furthermore, rather than some intrinsic skeletal
factor, the treatable hypoestrogenism is the most important
element leading to low bone mineral in adult TS patients.

Reports of osteopenia in children and adolescents
with TS are unconvincing and have not always been care-
ful in controlling for body size or delay in estrogenization
(42–47). Our group has reported that adolescents with TS
receiving growth hormone (hGH) therapy exhibit normal
bone mineral properties (44), a finding confirmed by other
groups. In another study of 19 TS adolescents receiving
hGH and ethinyl estradiol, phalangeal DXA BMD was
normal both at baseline and 3 years after discontinuation
of growth hormone (45). There is only slight evidence that

hGH contributes to bone mineral other than indirectly by
increase in body size, whereas estrogen augments bone
density in adolescents and adults independently of growth.

G. Gonadal Dysgenesis

Gonadal dysgenesis is one of the hallmarks of partial or
complete X chromosome loss. In most 45,X individuals
during childhood, the ovaries are already gonadal streaks
consisting of fibrous stroma with diminished numbers of
primordial follicles. Histological studies of the gonadal
ridge have documented normal densities of primordial
germ cells at 12 weeks of gestation, but in the early sec-
ond trimester oocyte formation and folliculogenesis fail to
occur normally and connective tissue proliferates. Oocytes
undergo premature atresia in a highly variable manner that
may be completed before birth or may continue into ad-
olescence or adulthood (49). The phenotypic manifesta-
tions of the declining numbers of functioning ovarian fol-
licles constitute a spectrum from absence of any pubertal
development in 70–80% of girls, to midpubertal failure
in 10–20%, or to failure to progress to menses, secondary
amenorrhea, or early menopause.

Ovarian failure is reflected in reduced steroid feed-
back on the hypothalamic–pituitary axis and marked el-
evations in serum follicle-stimulating hormone (FSH) and
luteinizing hormone (LH). Most infants and adolescents
with TS have markedly elevated FSH values, indicative
of ovarian failure. Although not clearly established, it is
likely that FSH is moderately elevated throughout the pre-
pubertal period. As many as a third of TS patients may
exhibit breast budding, but fewer than 10%, mostly with
a 45,X/46, XX karyotype, complete pubertal development
and reach menarche spontaneously. Thus, estrogen re-
placement for secondary sexual development is required
in most girls with TS. Pregancy occurs in an occasional
TS patient, predominantly but not exclusively in those
with mosaic karyotypes. In these cases, miscarriages are
common and prenatal diagnosis is advised due to the in-
creased incidence of chromosomal anomalies in the off-
spring.

Massarano et al. reported the ultrasound appearance
of ovaries in 104 TS girls of varying ages (50). The ova-
ries of two-thirds of the subjects were classified as streak
gonads, with ovarian volumes in the remaining one-third
of subjects in the lower range of normal. Because the
incidence of spontaneous puberty correlates with ovarian
volume (51), it is not unreasonable to obtain an ovarian
ultrasound concurrently with the initial renal ultrasound,
taking care to warn families of the predictive imprecision
of the information. Ovaries that are near-normal in size
can be most easily detected in infants and toddlers or in
girls of pubertal age, matching the temporal pattern of
gonadotropin stimulation. Prepubertal uterine volumes are
in the normal range, consistent with the anatomically nor-
mal, hormonally responsive uterus found in patients with
TS. Although the vagina and external genitalia are usually
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Figure 3 (A) Mean height and (B) height velocity in untreated European girls with Turner syndrome from four European
studies, plotted on the growth curve for normal females. Note the steady decline in height velocity beginning in early childhood
and the absence of a pubertal growth spurt. (From Ref. 54.)

normal in TS, vaginal atresia has been reported, and gen-
ital ambiguity can occur in 45,X/46,XY individuals.

From a management point of view, it is important to
remember that progressive follicular atresia results in two
functional deficits: failure to secrete estrogen and proges-
terone on the one hand, and loss of germ cells and infer-
tility on the other. For the pediatric endocrincologist, only
the former requires medical intervention, as is discussed
below. Nevertheless, families appreciate a frank discus-
sion of the probability of infertility and potential options,
including adoption and assisted reproductive technologies.
Pregnancy in TS following oocyte donation has approxi-
mately the same success rate as in the general population
(52). Freezing ovarian wedges is theoretically an option;
if fertilization and implantation of these oocytes later in
life are successful, the issue of chromosomal defects
arises.

H. Stature and Body Composition

Manifestation of growth failure in TS begins with mild
intrauterine growth retardation. Mean birthweight is about
2800 g, a relatively mild deficit that is ordinarily over-
looked. Although growth velocity in the first few years of
life has been considered relatively normal, Davenport has

recently emphasized from longitudinal studies that mean
height SDS falls from �0.5 at birth to �1.8 at 18 months
of age, with a continuing decline during childhood (53).
Nevertheless, the 95th percentile of the TS curve does not
diverge from the 5th percentile of the normal female curve
until 9 years of age (Fig. 3), so that in many girls TS is
not diagnosed until late in childhood. Growth failure be-
comes even more obvious in adolescence, due to the ab-
sence of a pubertal growth spurt, and the height nadir in
TS relative to normal females occurs at about 14 years of
age. In the absence of growth therapy, most TS patients
continue to exhibit slow, consistent growth during late ad-
olescence, due to delayed bone maturation and epiphyseal
fusion, with typical closure after 17 years old in the ab-
sence of hormonal interventions. Historically, this delay
has afforded some measure of catch-up growth before
complete cessation.

Lyon et al. (54) combined their growth data with
those from other European studies to create growth stan-
dards for TS in the absence of hormonal therapy. The
Lyon curve, as well as other growth standards (55, 56),
provides an important means of evaluating growth thera-
pies. These standard curves permit an accurate projection
of adult height on the basis of the current height, and a
high degree of correlation has been demonstrated between
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first measured height in childhood and final adult height
(57). Adult heights projected on the basis of standardized
curves are as accurate as heights predicted from bone age,
which may be difficult to interpret in TS (58). The mean
final height of the Lyon curve is 142.9 cm, a figure close
to the height reported for the combined European–Amer-
ican experience over the last 20 years. Mean heights of
approximately 147 cm are reported in untreated TS pop-
ulations of Northern European descent (59, 60). Final
height in TS is clearly affected by parental height and
ethnic group; as a rule of thumb, untreated adults with TS
are approximately 20 cm shorter than expected from mid-
parental target height.

The effect of karyotype on the height deficit should
generally be minimized. Subjects who are mosaic for ring
X and isoXq are just as short as 45,X subjects, whereas
those with 46,XX and 46,XY mosaicisms may be on av-
erage slightly taller, but there is no consensus in the lit-
erature. The influence of spontaneous puberty on adult
height also has not been conclusively determined (61, 62).
In the minority of patients in whom it occurs, it is gen-
erally associated with only a modest pubertal growth
spurt, especially if hGH thereapy has already maximized
growth velocity, and the pubertal estrogen levels may
truncate the duration of growth.

The mean BMI in TS is above age-specific norms
except in early childhood, and BMI inceases with age (59,
63). Girls with TS have relatively large trunk, hands, and
feet in relation to their height, as well as broad shoulders
and pelvis (64), contributing to the short, square appear-
ance. As a group, adults have a higher than expected prev-
alence of obesity, increased fat mass, and lower lean body
mass (65). Consequently, TS adults are vulnerable to co-
morbidities, such as type 2 diabetes, hypertension, and
cardiovascular risk, especially if estrogen deficiency is not
adequately treated (66).

I. Causes of Growth Failure

The mechanism of growth failure in TS is poorly under-
stood, but it may be due to the combined effects of aneu-
ploidy (67), a primary skeletal dysplasia, mild growth hor-
mone secretory dysfunction, and estrogen deficiency.
Pathological bone development may represent either an
intrinsic defect in ossification secondary to loss of critical
genes on the X chromosome, such as SHOX (see below),
or might be another manifestation of intrauterine edema.
However, no consistent histological abnormality has been
found in bone tissue of patients with TS. Nevertheless,
growth failure is obvious in most girls with TS during
childhood, before apparent deficiencies in the growth hor-
mone/insulin-like growth factor (GH/IGF) axis or estro-
gen production, implying that an intrinsic bone defect, not
an endocrine abnormality, is primarily responsible for the
short stature of TS.

It is true that a minority of patients with Turner syn-
drome are GH deficient by provocative GH testing or by

nocturnal GH secretion rates. A recent Italian study re-
ported that 32% did not have GH > 10 �g/L on two pro-
vocative tests and 62% had reduced spontaneous GH se-
cretion (68). Diminished GH levels are strongly correlated
with high body mass index (69), accounting for much of
the variation in GH testing. Furthermore, serum IGF-I lev-
els are generally normal, even in those with diminished
GH levels. IGF-I levels do fall below age-related norms
in adolescence, probably reflecting estrogen deficiency, a
thesis supported by an increase in GH concentrations in
response to low-dose estrogen therapy (70–72). GH test-
ing also fails to predict either pretreatment growth rate in
TS or responsiveness to exogenous hGH. Accordingly,
GH testing and IGF-I (or IGF-binding protein-3 [IGFBP-
3]) levels are not needed in the evaluation of TS, although
GH deficiency, as well as hypothyroidism and chronic dis-
order, should be considered in any girl whose height or
growth velocity is clearly below normal for TS.

J. Cognition and Behavior

It is essential to remember that individuals with TS are
not mentally retarded, as was erroneously reported in
some early studies. Later studies have reported an in-
creased prevalence of retardation (full scale IQ less than
80), in addition to aggressiveness and seizure disorder,
only in patients carrying a small ring X (73, 74). Para-
doxically, this effect is likely not due to loss of X alleles
but rather to overexpression of unidentified X genes be-
cause of interference with normal expression of the X-
inactivating center (XIST) in these small rings (75, 76).
There are also occasional reports of autism in 45,X pa-
tients (77).

Modern neuropsychological investigations have re-
vealed specific impairments in cognitive functioning in
TS. The most commonly reported deficits relate to visual–
spatial processing and visual memory, often reported as
difficulties on tasks assessing spatial and numerical abil-
ities (78–81). These deficits result in measurable reduc-
tions in performance IQ, in contrast with a normal verbal
IQ, in TS children and adults. Tests of memory, executive
function, and affect recognition may be affected. These
deficits are detectable in childhood and into young adult-
hood. TS subjects also have reduced scores on motor tests.
Ross (80, 81) has observed improvement in both motor
and nonverbal processing skills during estrogen replace-
ment. Imaging studies have documented various anoma-
lies in brain morphology in TS subjects (82, 83).

Few studies have examined academic outcome in
large numbers of subjects, but academic achievement is
generally within the mainstream (84), with the exception
of mathematics (85). Children with TS are not disruptive
in the classroom setting and so may not be referred by
the schools for evaluation. Nonetheless, it is crucial that
girls with TS receive educational evaluation throughout
their school careers. Hearing evaluation is important as an
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adjunct measure to improve social and academic skills of
girls with TS.

Child Behavior Checklist scores from numerous stud-
ies in TS children and young adults demonstrate problems
in social competence, behavior, and attention. TS girls
have reduced self-esteem, more internalizing behavioral
problems, and fewer social interactions, and these prob-
lems may worsen at the transition to early adolescence
(86–90). Physical self-image may be poor, possibly re-
lated to peer teasing. Anorexia and clinical depression
have been reported. Girls may benefit from psychological
counseling during childhood and adolescence.

Skuse et al. (91) compared neuropsychological test
results in 80 45,X females aged 6–25 years according to
parental origin of the X chromosome. In an initial Ach-
enbach screen, the TS subjects with maternal X (n = 55)
had much higher rates of academic failure and social dif-
ficulties than those with paternal X (n = 25). On further
testing, subjects with an X of paternal origin had superior
executive function, better social adjustment, higher verbal
IQ, and better verbal memory (92). The authors attributed
these findings to maternal imprinting of X chromosome
loci, but these putative social and cognitive effects of pa-
rental origin of the X need to be confirmed.

K. Autoimmunity

Several types of autoimmunity are found with increased
prevalence in TS, including thyroid autoimmunity, inflam-
matory bowel disease, and rheumatoid arthritis. Although
type I diabetes has been reported in TS, it has not been
established that the incidence is greater than in controls.

Prevalence in TS of antibodies against thyroid per-
oxidase and thyroglobulin is 20–30% in several large pa-
tient cohorts (93–96). As in a control population, thyroid
autoimmunity increases with age from the first to third
decade of life. Although occurring in patients with any
karyotype, those with long-arm isochromosomes are at
highest risk of thyroid autoimmunity (97). Both mothers
and fathers of patients with TS have a higher than ex-
pected incidence of thyroid autoimmunity (98). This has
led to the speculation that familial thyroid autoimmunity
might be associated with nondisjunction or related chro-
mosomal defects. As an alternative, maternal thyroid au-
toimmunity might be associated with a protection against
the lethality of X chromsome monosomy in utero (99).

Hypothyroidism (or hyperthyroidism) occurs in 10–
20% of TS patients. Individuals should be screened on an
annual or biannual basis for thyroid disorder by measure-
ment of TSH, and more frequently if thyroid antibodies
have been detected. There does not appear to be an in-
crease in polyglandular autoimunity associated with thy-
roid autoimmunity, since islet cell and adrenal antibodies
are not elevated.

Both ulcerative colitis and Crohn’s disease have a
greater than expected prevalence in TS. In a series of 135
TS adults, four had inflammatory bowel disease (100). As

with autoimmune thyroid disorders, a disproportionate
number of TS patients with inflammatory bowel disease
have an X isochromosome (101–102). Intestinal telangi-
ectasia and celiac disease also have been observed in TS.
The risk of juvenile rheumatoid arthritis in TS has been
estimated to be increased sixfold from a survey of pedi-
atric rheumatology centers (103). The increased risk of
these autoimmune disorders in TS mandates that pediatric
endocrinologists be attentive to the gastrointestinal and
rheumatological complaints of their TS patients.

L. Metabolic Abnormalities

An increased prevalence of diabetes mellitus in TS has
been repeatedly cited, but the supportive data are surpris-
ingly weak. An early paper by Forbes and Engel (104)
reported from a cohort of 41 TS patients that 6 (15%) had
onset of an unspecified type of diabetes after the age of
30. Of interest, all of those with karyotypes reported had
an isochromosome X. Since that 1963 paper, there have
been no large patient series reporting a meaningful in-
crease in diabetes. However, a hospital records review in
all Danish TS patients over a 10 year period (66) reported
a higher than expected number of admissions with a di-
agnosis of either type 1 or type 2 diabetes, clouding the
earlier supposition that only the latter might be more com-
mon in TS.

Fasting glucose levels have been consistently normal
in series of TS subjects. Fasting insulin levels have been
reported normal or elevated, with study differences plau-
sibly attributable to the wide normal range. In contrast, an
increased frequency of abnormal oral glucose tolerance
tests (OGTT) has been compellingly documented in chil-
dren and adults with TS, including the nonobese (105–
110). A review of the literature through 1991 cited a prev-
alence of abnormal tests of 32.5% in 326 patients, but the
reported prevalence in later studies is somewhat lower.
The preponderance of evidence points to insulin resistance
as the mechanism of carbohydrate intolerance, but earlier
papers remarked upon the delayed insulin response to glu-
cose challenge in TS.

Studying 71 TS subjects before and during hGH �
oxandrolone therapy, Wilson et al. (106) reported that all
girls had normal fasting glucose and insulin levels, both
at baseline and during growth therapy. Fifteen percent had
an abnormal OGTT at baseline. Integrated glucose and
insulin concentrations following oral glucose challenge
did not change during hGH treatment, but did rise with
the addition of oxandrolone, a finding that was confirmed
in other studies. However, other investigators have since
demonstrated a rise in both fasting and glucose-stimulated
insulin levels during hGH therapy, which may be dose-
dependent. The Dutch hGH studies found only a 6% rate
of abnormal OGTT that was not increased by hGH, but
insulin levels were elevated throughout hGH therapy, al-
beit reversible at the cessation of treatment (109, 110).
Accordingly, it may be prudent to survey patients for car-
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Table 3 Frequency (%) of Phenotypic Features in TS
Adults with Complete X Monosomy (45,X), Short Arm
Deletion (46,XXp-), or Long Arm Deletion (46,XXq-)

Feature
45,X

(n = 332)
46,XXp-
(n = 52)

46,XXq-
(n = 67)

Short stature 100 88 43
Gonadal dysgenesis 91 65 93
Short neck 77 38 21
Cubitus valgus 77 25 16
‘‘Shield chest’’ 74 35 13
Low hairline 72 19 9
Delayed bone age 64 17 10
Pigmented nevi 64 27 19
Nail anomaly 57 8 7
Short metacarpal 55 29 12
Renal anomaly 44 8 6
Webbed neck 42 2 1
Hypertension 37 8 7
Cardiac anomaly 23 2 0
Thyroid disease 18 6 3

Source: Adapted from Ref. 117.

bohydrate intolerance while receiving hormonal therapies
in TS.

Mild lipid abnormalities have been reported in TS.
Total cholesterol is elevated in adolescents, but not chil-
dren, and, like insulin resistance, correlates with body
mass (111). Growth hormone therapy results in a reduc-
tion in low-density lipoprotein and an increase in high
density lipoprotein (109). There is no literature to date on
the possible physiological benefits of growth hormone
therapy in adults with TS. The reported effects of thera-
peutic estrogen on lipid profiles have been mixed (112,
113).

III. THE GENETIC BASIS OF TS

A. Phenotypic Correlations with Karyotype

The availability of chromosomal analysis in the 1960s al-
lowed for initial attempts to correlate phenotypic mani-
festations of TS with the variations of X chromosomal
loss (114). In his 1965 review, Ferguson-Smith hypothe-
sized that 45,X subjects demonstrated the ‘‘complete
Turner syndrome’’ and that the short stature and stigmata
of TS were attributable to monosomy of loci on the short
arm (7). According to his review of available data, 45,X
patients exhibited a higher prevalence of neck webbing,
congenital lymphedema, and cardiac malformations than
patients with mosaicism or X structural abnormalities.
Short stature was a universal feature when the short arm
was missing, as in 45,X and karyotypes with long arm
isochromosomes. In contrast, normal stature occurred in
20% of 45,X/46,XX, 50% of 45,X/47,XXX, and 63% of
long arm deletions. Spontaneous pubertal development
and menses, which occurred in only 8% of 45,X patients,
were more likely in girls with 45,X/46,XX mosaicism
(21%) and deletions of the short arm (25%).

Large patient series since the 1960s have corrobo-
rated Ferguson-Smith’s summary. Various studies have
confirmed the lower incidence of common TS features in
certain mosaicisms, although many minor features occur
equally in X monosomy and mosaicism. Later improve-
ments in banding techniques and use of X chromosome
probes provided a more detailed localization of X chro-
mosome breakpoints, allowing Simpson to provide an up-
dated review of phenotype/karyotype correlations in the
late 1970s (115). Location of the breakpoint correlates
poorly with the resulting phenotype, and any feature of
TS can be seen with major deletion of either Xp or Xq.
Nonetheless, there is a crude association of short arm de-
letions with short stature and of long arm deletions with
ovarian dysgenesis. Therman and Susman reviewed the
literature on phenotypes of nonmosaic adults with X long
or short arm terminal deletions (116). Short stature oc-
curred in 43% and 88% of the Xq and Xp cases, respec-
tively (Table 3). Ovarian failure, including both primary
and secondary amenorrhea, occurred in 93% and 65% of

Xq and Xp karyotypes, respectively. Essentially the entire
pericentromeric region and long arm are involved in ovar-
ian development and maintenance, since deletion break-
points with apparently identical degrees of ovarian failure
are scattered throughout. Lymphedema and cardiovascular
anomalies were rare in both short and long arm deletions,
compared with 45,X, although lymphedema has resulted
from loss of the distal short arm of the Y in XY females.

Identification of parental origin of the remaining X
chromosome in TS has been undertaken to look for clues
to the causes of X monosomy and to evaluate whether
genomic imprinting might explain the phenotypic varia-
tion seen with the 45,X karyotype. Different methods have
verified that the intact X in 45,X monosomy is maternal
(Xm) 70–80% of the time (117). However, there is no
difference in the prevalence of maternally or paternally
imprinted X in spontaneous abortuses (118), and studies
have not discerned any postnatal phenotypic distinctions,
other than in the neuropsychological study described
above, in 45,X subjects on the basis of parental chromo-
somal origin.

A model to explain the Turner syndrome phenotype
invokes halved expression of a gene or genes on the X
chromosome; such a gene must have homologs on the X
and the Y and must escape X inactivation. Although many
loci on the second X are inactivated throughout all de-
velopmental phases and tissues, except in the oocyte and
during initial zygotic cell divisions, many other genes that
escape X inactivation have been identified in recent years,
including the entire pseudoautosomal regions at both ter-
mini. Despite sophisticated comprehension of the X chro-
mosome and the rapidly expanding list of genes that es-



248 Neely and Rosenfeld

cape inactivation (119, 120), there has been relatively
slow progress in elucidating the genetic basis of TS since
phenotype–karyotype correlations were first drawn 30
years ago.

B. SHOX

The only X chromosome locus to have been convincingly
associated with TS is the short-stature homebox-contain-
ing (SHOX) gene, located in the pseudoautosomal region
of the short arm. Isolated and sequenced independently by
two groups of investigators (121, 122), SHOX is highly
conserved across species and has two transcripts from al-
ternate splicing: SHOXa is widely expressed, whereas ex-
pression of SHOXb is highest in bone marrow fibroblasts.
Rao et al. (121) demonstrated deletion of the locus in 36
of 36 short individuals with Xp22 or Yp11.3 breakpoints,
and absence of a deletion in normal controls or in subjects
with X or Y rearrangements and normal stature. A SHOX
mutation was found in 1 of 91 subjects with otherwise
unexplained short stature, and other individuals have since
been identified.

Belin et al. (123) and Shears et al. (124) reported
SHOX deletions in many family members with an auto-
somal dominant bone dysplasia called Leri-Weill dys-
chondrosteosis (LWD). Thought to be more severe in fe-
males, the syndrome is characterized by a short forearm
with Madelung’s deformity and limited mobility, tibiofi-
bular shortening, variable metacarpal and metatarsal in-
volvement, and mild short stature (125). In one LWD fam-
ily, a fetus with Langer mesomelic dysplasia (severe
shortening of distal extremities, long considered the ho-
mozygous form of LWD) had loss of both SHOX alleles.
Thus, loss of one SHOX allele results in LWD, and loss
of both results in Langer mesomelic dysplasia.

It was immediately recognized that the SHOX locus
meets gene dosage requirements for a Turner gene, being
a pseudoautosomal locus, thus not X-inactivated, with a
homolog on Yp. Postnatal expression is largely confined
to osteogenic cells, such as trabecular cells and bone mar-
row fibroblasts, correlating with a putative role for the
gene in bone physiology. It is also expressed in the pha-
ryngeal arch, suggesting a role in some head and neck
anomalies of TS. Although the Turner phenotype is
broader and more variable than that of LWD, it seems
likely that many of the craniofacial and skeletal features
of TS, including cubitus valgus and Madelung’s defor-
mity, and some degree of the short stature are due to
SHOX haploinsuffiency (126). While other craniofacial
and cardiac features may be a consequence of the putative
lymphedema locus, SHOX is the first legitimate Turner
gene to be identified.

C. Y Chromosome Mosaicism

X chromosomal monosomy occurs in mosaicism with
46,XY cells in 5% or more of patients with Turner syn-

drome. The phenotype associated with the 45,X/46,XY
karyotype, ranging from female to male, provides an in-
teresting story and a cautionary tale about ascertainment
bias. The phenotype has historically been described pre-
dominantly as ambiguous genitalia and mixed gonadal
dysgenesis (streak gonad with dysgenetic testicular ele-
ments and possible asymmetry of wolffian and mullerian
structures). In an early review, 60% of cases exhibited
ambiguous genitalia and mixed gonadal dysgenesis, 25%
were phenotypic females with bilateral streak gonads and
other features of TS, and the remaining 15% had the ap-
pearance of undervirilized males (127). Approximately
two-thirds of 45,X/46,XY individuals diagnosed at birth
are raised as females. In contrast, 90–95% of the cases
diagnosed prenatally have been normal phenotypic males
at birth, and features of TS have been rare (128, 129).
These data suggest that characteristics of TS are seen less
commonly in 45,X/46,XY individuals than in comparable
mosaicisms, such as 45,X/46,XX. However, adequate lon-
gitudinal studies have not been performed and the inci-
dence of TS features and gonadal dysgenesis may be
higher than expected from first reports of normal male
external genitalia.

The incidence of gonadal malignancy in 45,X/46,XY
mixed gonadal dysgenesis engenders considerable clinical
discussion about its translation to the TS patient. In
Scully’s series of 30 cases of gonadoblastoma, 10 were
associated with 45,X/46,XY mosaicism, but most of those
individuals had ambiguous genitalia (130). The risk of a
patient with this karyotype developing gonadoblastoma/
dysgerminoma has been estimated at 15–20%. However,
this risk assessment was derived prior to recognition that
the postnatal phenotype is usually male, and it undoubt-
edly overestimates the risk in 45,X/46,XY overall. Nev-
ertheless, gonadoblastomas do occur in unvirilized phe-
notypic females with this karyotype (TS), and the risk of
malignancy, albeit unclear, is greater than in the general
population. Based on an increased risk of malignancy and
a low likelihood of functional ovarian tissue in the pres-
ence of XY mosaicism, gonadectomy should be recom-
mended in these TS patients, at least by adolescence and
preferably in early childhood.

This recommendation has consequently raised the
question of whether techniques other than routine cyto-
genetics should be utilized to detect occult Y material in
TS. Southern blot, FISH, or PCR analysis of cells from
series of TS patients with prior 45,X karyotyping has re-
vealed an incidence of previously undetected Y material
ranging from 0 to 15%. Gravholt et al. (131) recently
reported Y material in more than 10% of their TS patients,
half of them not previously detected by routine cytoge-
netics. FISH utilizing X- and Y-specific probes can now
be performed by most cytogenetics labs and certainly
should be utilized to determine the origin of marker chro-
mosomes or small rings (18, 132), either to warn of po-
tential malignancy from Y genetic material or to explain
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Table 4 Management of Turner Syndrome in Childhood

Medical surveillance
Karyotype: rule out Y material
Renal ultrasound
Echocardiography (repeated in adolescence)
Regular thyroid screening
Hypertension monitoring
Ophthalmology (strabismus, etc.)
ENT (recurrent otitis) and craniofacial
Possible orthopedic referral (scoliosis)
Audiologic evaluation
Cognitive evaluation
Psychological counseling
Dietary advice
Support groups

Medical therapy
Begin hGH therapy (0.05 mg/kg per day) by 7–9 years

old; earlier treatment may be indicated.
Add oxandrolone (0.0625 mg/kg per day), if hGH is

started late.
Initiate estrogen at �13 years old.
Cycle with progesterone within 2 years.

unusual features of TS due to X chromosome fragments.
The potential benefit of adjunct FISH studies in all TS
patients is not established but warrants further evaluation.

IV. MEDICAL THERAPIES

A. Androgens for Growth

Androgens were utilized for growth promotion in clinical
trials in TS prior to the time that human growth hormone
(hGH) became widely available (Table 4). Most studies
demonstrated short-term efficacy in stimulating growth,
and a few reported modest increases in final adult height
(133–137). Lenko et al. (134) analyzed growth and final
height data in 76 girls treated with fluoxymesterone and/
or conjugated estrogens and found that initial growth ve-
locity was greatest when both were used, but mean final
heights were not distinguishable. In a retrospective anal-
ysis of 66 TS patients, Sybert (60) reported that the mean
adult height of patients given either oxandrolone or flu-
oxymesterone (148 cm) did not differ significantly from
the height of untreated patients (146.3 cm). In contrast, a
3–5 cm increase in final height relative to predicted height
was documented in three oxandrolone trials (135–137).
As described below, several trials of growth hormone used
with and without oxandrolone have shown an improve-
ment in growth and final height from the androgen. De-
spite this apparent growth benefit and a relatively low
cost, androgens are not commonly utilized in the treat-
ment of TS in the United States and only as an adjunct
to GH therapy. Oxandrolone has limited androgenic side
effects at a dosage of 0.0625 mg/kg per day. As a rule, it

can be added to hGH if growth rate is unsatisfactory or
if growth therapy has been delayed to a relatively ad-
vanced age (>12 years old). In support of the use of an-
drogen in TS is the fact that serum androgens are low in
TS adults because of ovarian failure (138).

B. Growth Hormone

Turner himself undertook the first documented adminis-
tration of growth hormone in TS. His treatment was un-
successful, presumably utilizing injections of bovine pi-
tuitary extract, since human GH from cadavers was not
available until the 1950s. In 1960, Escamilla et al. (139)
administered pituitary-derived hGH to a patient with TS,
resulting in an increase in growth velocity from 3.8 to 7.5
cm/year over several months, a typical degree of first-year
growth augmentation from either pituitary-derived or re-
combinant hGH, which in turn was introduced in the mid-
1980s. TS patients constituted the first group after GH
deficiency in which clinical trials of recombinant hGH
were initiated, principally because of the identifiability
and homogeneity of the population and also the lengthy
potential treatment period, due to the absence of endog-
enous puberty.

hGH trials in patients with TS have universally dem-
onstrated an increase in growth velocity. In almost every
study, hGH has augmented pretreatment growth velocity
by 50–150% in the first year. Many of the early trials
combined hGH with estrogens or androgens, both of
which had been established as short-term growth stimu-
lants, complicating interpretation of the results. Most early
trials used three times a week dosing regimens, and none
of the published trials has utilized a randomized control
group past the first year. As in hGH treatment of GH de-
ficiency or idiopathic short stature, growth acceleration in
girls with TS is sustainable but is most pronounced in the
first years of therapy (140).

An early and influential hGH trial in the United States
(141) randomized 70 girls at a mean age of 9.3 years to
no treatment, oxandrolone, hGH, or both for the first year
of therapy. In the second year all subjects except the hGH
group were reassigned to a combination group at a re-
duced oxandrolone dosage (0.0625 mg/kg per day, due to
virilization in 30% of subjects at the 0.125 mg dosage).
The hGH regimen was switched midstudy to daily (0.05
mg/kg per day) instead of three times weekly. In subjects
receiving hGH alone, growth velocity increased from 4.5
cm/year in the pretreatment period to 6.6 and 5.4 cm/year
in the first and second year, respectively, whereas growth
rates for patients receiving hGH plus oxandrolone were
higher at 9.8 and 6.7 cm/year. Compared with a mean
adult height of 144.2 cm in historical controls, final
heights after hGH and hGH plus oxandrolone were 150.4
and 152.1 cm, respectively, for gains over pretreatment
projected height of 8.4 and 10.3 cm, respectively.

The Swedish study (142), also using combination
daily hGH and oxandrolone, began at an older mean age



250 Neely and Rosenfeld

of 12.2 years and had no hGH-alone arm. Growth velocity
increased from 3.9 cm/year to 9.4 and 6.8 cm/year in the
first 2 years of therapy. Final height after combined hGH
and oxandrolone therapy was 154.2 cm, which was 8.5
cm greater than the original projected final height. Results
of the Swedish, US, and other early studies convinced
most investigators that hGH augmented final height in TS,
but some doubts persisted because of the lack of long-
term randomized controls. This last concern was resolved
when preliminary results of a randomized Canadian study
using a concurrent untreated control group were presented
at the Food and Drug Administration (FDA) hearings
prior to approval of hGH for use in TS in 1996. In that
study, the mean difference in final height between treat-
ment group and controls was over 6 cm, convincing the
remaining doubters that hGH is efficacious in TS.

A significant gain in ultimate height is now beyond
controversy, but the expected magnitude of the increase
is still being revised as further studies are reported. Key
questions of optimal age of initiation and optimal dosage
have not been completely resolved. However, it is likely
not a coincidence that the greatest height gains have been
reported from studies using relatively early starting ages.
The TS subjects in the US study gained about 8 cm from
hGH alone after beginning therapy at 9 years old, whereas
the height gain when age at initiation of hGH is 11–13
years generally has been 6 cm or less, depending upon
the use of androgen and estrogen. In the large Genentech
hGH database, 622 TS patients treated for a mean 3.7
years beginning at 12.9 years of age had a mean final
height of 148.3 cm, for an increase of 6.4 cm over pre-
treatment projected height (143). Mean height gain was
3.7–4.7 cm in 136 girls with a similar late start in a Eur-
opean Lilly study (144).

In a provocative Dutch study (145), 68 girls were
begun on treatment at a dosage of 0.045 mg/kg per day
and then randomized to continue receiving that dosage or
one increased in subsequent years to 0.0675 or 0.090
mg/kg per day. No estrogens were given until 4 years of
hGH therapy had elapsed and the subject reached 12 years
of age. Seven year data from all subjects showed that 85%
had achieved a height within the normal range for Dutch
girls. In the 32 girls who had completed therapy (after a
mean 7.3 years), mean heights for the three dose groups
were 158.8, 161.0, and 162.3 cm, respectively, with height
gains of 12.5, 14.5, and 16.0 cm, respectively. The height
gain achieved with hGH alone at the standard dosage,
which was far superior to that of any other hGH study in
TS, is plausibly attributable to earlier initiation of therapy,
averaging 7 years old, plus the standardized delay of es-
trogen.

Additional height achieved in the Dutch study can be
attributed to the higher dosages of hGH in later years of
therapy. In a smaller, nonrandomized study, Carel et al.
(146) also progressively increased the hGH dosage, to a
maximum of 0.1 mg/kg day when growth velocity de-

clined to less than 200% of the pretreatment level. Height
gain was 10.6 cm, compared to 5.2 cm in a matched group
of 17 patients who had received a fixed dosage of ap-
proximately 0.045 mg/kg per day. Thus, it is possible that
TS patients could benefit from hGH dosages in later years
of therapy in excess of the current standard of 0.05
mg/kg per day.

No studies using dose randomization from the start
of hGH therapy have reported completion to final height,
but preliminary data from a number of studies suggest that
higher dosages do result in faster growth rates in the first
year or two of therapy. However, this augmented growth
rate may come at the cost of accelerated bone age and
diminished growth velocity in later years. In a long-term
Japanese study (147), a standard dosage of hGH, as com-
pared with a low dose, stimulated a greater growth veloc-
ity for 2 years only, but final heights in the two groups
reported to date are not different. Thus, it is unclear
whether final height can be significantly improved using
higher dosages of hGH from the start.

Several studies have attempted to predict individual
response to hGH. In an Australian study, the best response
over 2 years occurred in younger, heavier girls with the
most delayed bone age and tallest parents (148). In a Brit-
ish study of 52 girls who were prepubertal at the start of
therapy, final height gain after 5.8 years averaged 5.2 cm
and correlated best with total dose, duration of therapy,
and first-year response (149). In a model developed by
Ranke et al. from the Pharmacia database (150), hGH dos-
age was the best predictor of height velocity in year 1 of
therapy, with younger age and oxandrolone use associated
with higher growth velocities in subsequent years. How-
ever, some of these factors may influence only short-term
benefit and not result in gain in final height (151). The
common theme in these results is the need for a reason-
ably early initiation of hGH and substantial duration of
therapy.

C. Estrogen

Estrogen replacement was also tried historically as a
growth therapy in TS. Although estrogen does result in
short-term growth acceleration, most studies have failed
to document any improvement in final or even predicted
adult height, in contrast with androgens or hGH. Indeed,
because estrogen is the primary mediator of skeletal mat-
uration, it accelerates short-term growth while abbreviat-
ing the duration of growth, as in normal puberty. Not sur-
prisingly, several early TS studies therefore demonstrated
that full estrogen replacement during early adolescence
resulted in final heights below the expected height in TS
(78). Investigators then attempted to identify a reduced
dosage of estrogen that might be an effective long-term
growth stimulant without causing accelerated skeletal
maturation. Significant short-term growth stimulation
from low-dosage estrogen was demonstrated, but unfor-
tunately it does not occur without accompanying effects
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Figure 4 Differences in annual growth velocity after TS girls on hGH begin estrogen at either 12 or 15 years old. (From
Ref. 158.)

on bone maturation, particularly in younger patients with
bone age less than 11 years (152, 153). As a result, there
is no perfect dosage of estrogen adequate to achieve a
normally timed feminization without inducing an accel-
eration of bone age and potential reduction in adult height.

Although low or full-dosage estrogen replacement
given alone provides a notable growth spurt, little additive
growth is observed when estrogen is started during hGH
therapy (154, 155). The estrogen-induced advance in skel-
etal maturation without benefit of substantially greater
growth velocity means that early introduction of estrogen
therapy can negate gains achieved by hGH therapy. This
has now been confirmed in several studies. In the Swedish
hGH study mentioned earlier, height gain from the com-
bination of hGH and oxandrolone was 8.5 cm; addition
of a relatively low dosage of ethinyl estradiol (100 ng/kg
per day) to this regimen at 12 years old resulted in a mean
height gain of only 3.2 cm. A second Genentech study
(156) randomized 60 girls receiving hGH from a mean of
9.5 years old to begin estrogen at either 12 or 15 years
old (Fig. 4). Gains in final height were 5.1 and 8.4 cm in
the two groups, respectively. A third cohort of girls who
started hGH after 11 years old and began estrogen 1 year
later had a mean gain of 4.7 cm. Thus, an effective long-
term growth regimen requires reasonably early initiation
of hGH, or a lengthy delay in estrogen initiation.

Estrogen therapy is contraindicated in preadolescent
patients, plays no legitimate role in growth therapy in TS,
and, as a corollary, must be delayed for feminization until
certain growth thresholds are achieved. The apparent es-
trogen-induced acceleration in skeletal age jeopardizes the
primary objective of hGH therapy. However, the practice
of delaying estrogen replacement until 15 years or older

in an effort to maximize growth, which was the clinical
practice prior to introduction of hGH, guarantees signifi-
cant delays in pubertal development, risks a life-long dim-
inution of bone mineral density, and potentially accentu-
ates the social isolation and stigmatization of girls with
TS. A prudent and sympathetic approach is to customize
therapy according to the current height, hGH history, and
psychological needs of each patient. At a minimum, es-
trogen should be delayed until 12 years old, but only if a
girl has received hGH for 3 years or more. In those with
a brief duration of hGH therapy, estrogen may need to be
delayed until 13 or even 14 years old.

Balancing the legitimate psychological and physio-
logical need to begin pubertal development against con-
cerns about final height, our typical practice is to begin
conjugated estrogens (Premarin) at about 13 years old at
an initial dosage of 0.3 mg/day and increasing to 0.625
mg 6–12 months later. Approximately two-thirds of girls
will achieve Tanner 3 breast stage after 12 months. After
1–2 years of therapy, estrogens are modified to day 1–
26 only and medroxyprogesterone acetate 5–10 mg
(Provera) is added on days 17–26, to induce menses and
diminish the risk of endometrial hyperplasia or carcinoma.
Other estrogen preparations, such as oral ethinyl estradiol
(starting at 100 ng/kg per day) or 17�-estradiol, as well
as dermal patches, are also effective in feminization (157,
158). Some practitioners believe oral estrogens have more
deleterious effects on hepatic metabolism than transdermal
preparations. TS patients do have an unexplained baseline
elevation in hepatic enzymes, but the relative effects of
oral estrogens are unclear (159, 160).

Few direct comparisons of different estrogens for
feminization have been made. Indeed, most studies of es-
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trogen use in TS have concentrated on the objective of
growth stimulation and have failed to provide detailed
analysis of the feminizing effects Once progesterones
have been added, many TS adolescents and adults prefer
oral contraceptive preparations for convenience.

D. Summary

The height deficit in TS is approximately 20 cm. It is
tempting to conclude from informal meta-analysis that the
portion of the height deficit remediated by hGH depends
upon the age therapy is initiated. The expected height gain
when hGH is begun at 12 may be only 5 cm, whereas
hGH therapy begun at 7 years of age could add in excess
of 12 cm. It is therefore prudent to initiate hGH by 7 years
old, or earlier if a girl is in the lowest portion of the TS
height curve. Better height gains may be achieved by even
earlier therapy. Although no data are currently available
to prove greater efficacy from an earlier starting age,
growth failure is apparent in the first years of life in TS.
The standard hGH dosage is 0.05 mg/kg per day, but
higher dosages may be justified. We do not routinely at-
tempt to diagnose GH deficiency in TS, unless height is
well below that expected from parental height. The opti-
mal time to discontinue hGH has not been established,
but convention calls for continued therapy until growth is
largely completed, as evidenced by a velocity below 2.5
cm/year.

Oxandrolone increases height by 2–3 cm given alone
or combined with hGH , but it is not known if this ad-
ditive effect occurs when hGH therapy is maximized by
an early start or higher doses. Addition of oxandrolone to
hGH might allow for earlier termination of therapy and
for lower overall medical costs, but its use is customarily
limited to adjunct therapy in girls in whom hGH therapy
was delayed. Estrogens, in contrast, are not beneficial for
growth and may be deleterious for final height if started
too early; accordingly, estrogen for feminization should
be delayed until 13 years old, preferably after several
years of hGH therapy. In tall girls or in those with lengthy
duration of hGH treatment, earlier initiation of estrogen
may be possible.
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Nonendocrine Vaginal Bleeding
Albert Altchek
Mount Sinai School of Medicine and Hospital, New York, New York, U.S.A.

I. INTRODUCTION

A. General Considerations

The vast majority of abnormal bleeding in children is a
result of local causes, not precocious puberty or other en-
docrine causes.

Unfortunately, there have been reports from distin-
guished authorities indicating that the leading cause of
bleeding is precocious puberty (for example, Ref. 1).
Clearly such reports are a result of case selection bias.

Such distorting of the relative incidence of precocious
puberty causing bleeding, combined with the training and
interests of pediatricians, causes an immediate reaction
that the first thing to rule out if there is bleeding is
precocious puberty. Thus it is essential that pediatric en-
docrinologists recognize and diagnose patients with non-
endocrine vaginal bleeding to avoid misdirected investi-
gation that may involve radiation exposure; be wasteful
of resources and funds; be prolonged; be stressful to the
child, parents, and pediatrician; and delay discovery of the
statistically probable local, nonendocrine cause of the
bleeding.

Because menstruation may be considered physiolog-
ical in children age 10 or over, bleeding in girls under age
10 is considered abnormal (1). Ideally, in all cases of vag-
inal bleeding local nonendocrine causes should be ruled
out (Chap. 9).

Even if the presumptive diagnosis is precocious pu-
berty, there should be consideration of the possibility of
a nonendocrine, local cause of bleeding. It may even be
possible that there is a local cause of bleeding together
with precocious puberty. If this occurs, then the bleeding
pattern and the lack of response to precocious puberty
therapy cause great confusion. Gynecological investiga-
tion is relatively brief and inexpensive and, except for the
possible need for general anesthesia for vaginoscopy, rel-
atively without danger.

B. Differences Between Endocrine and
Nonendocrine Bleeding

Usually with true, constitutional precocious puberty, there
is a similarity to the normal puberty sequence of events
except that they occur at an earlier age. Therefore, by the
time the child has her first episode of vaginal bleeding,
she has already had breast development, pubic and axil-
lary hair, and other physical signs of puberty. In addition,
the vaginal cytology smear (or urine cytology) shows an
estrogenic effect, with superficial and intermediate cells.

By contrast, the child with a local, nonendocrine
cause of bleeding does not have the physical changes of
puberty, and the vaginal cytology shows an anestrogenic
maturation index with mostly parabasal cells, with few if
any superficial or intermediate cells. In addition, a local
bleeding site is present. Furthermore, the history may give
positive clues, such as trauma, symptoms of vulvovagi-
nitis, dysuria, scratching, the presence of a vaginal or vul-
var mass, or pain on defecation.

C. Endocrine Bleeding Posing as
Nonendocrine Bleeding

Infrequently, an endocrine cause may pose as a local cause
because of an absence of physical signs of puberty when
bleeding starts as an apparently isolated phenomenon.
However, the vaginal smear cytology is usually estrogenic
because the vaginal mucosa is the most estrogen sensitive
tissue. Specific causes include the following examples.

1. The newborn may have physiological vaginal
(uterine estrogen withdrawal bleeding) bleeding
and discharge (from the estrogenic vagina).

2. The first clinical sign of McCune-Albright syn-
drome is often vaginal bleeding. The diagnosis
requires the characteristic café-au-lait pigmenta-
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Table 1 Nonhormonal Causes of Bleeding

Severe, usually specific, infections of the vagina, with
secondary vulvitis

Group A �-hemolytic streptococcus
Candida
Neisseria gonorrhoeae
Chlamydia
Gardnerella (bacterial vaginosis)
Trichomonas vaginalis
Rare (geographic endemic) Shigella, schistosomiasis,

amebiasis
Pinworm infestation

Trauma
Management of bleeding
Types of injury
Suspicion of sexual abuse

Foreign body in the vagina
Rolled-up wads of toilet tissue
‘‘Arrowhead’’ narrow plastic bottle caps
Trapped pinworms

Vulva lesions
Severe nonspecific vulvitis with secondary vaginitis,

scratching
Skin lesions

General skin disease, seborrheic, atopic, psoriasis,
candidiasis

Hemangioma
Condylomata acuminata
Lichen sclerosus
Diaper rash
Ulcers: herpetic, syphilis, chancroid
Systemic infection: chicken pox
Local infection: bacterial, tinea
Allergic-irritant: contact
Scabies

Prolapse of urethra, hematuria, prolapse of bladder,
rhabdomyosarcoma, prolapse of ureterocele

Anal fissure, pinworms, perianal dermatitis, condyloma
acuminatum, hemorrhoid caused by pelvic
cavernous hemagioma, laceration

Hymen polyps
Malignant and benign tumors of the vagina, uterus and

ovaries
Rhabdomyosarcoma
Midline germ cell endodermal sinus tumor
Clear cell adenocarcinoma

Rare coagulation defect (in association with skin and
mucous membrane bleeding)

tion and radiological bone disease. Eventually
secondary sexual development occurs (Chap. 9).

3. Estrogen-secreting ovarian neoplasms, such as
granulosa cell tumors, even though small, may
also cause bleeding before physical signs of pu-
berty. They may be palpable on rectal examina-
tion and can be imaged by ultrasound (Chap. 9,
30).

4. Patients with isolated premature menarche may
have isolated or recurrent vaginal bleeding with-
out other signs of precocious puberty (2). Sleep
luteinizing hormone (LH) levels may show pul-
sations; however, follicle-stimulating hormone
(FSH) responds more than LH after LH-releasing
hormone stimulation, as in prepuberty. There
may be transient elevation of estradiol and a later
return of LH to a prepubertal pattern. This entity
is usually benign and self-limiting and is thought
to be the result of a partial, transient activation
of true precocious puberty. Careful evaluation
and follow-up are required.

5. Prepubertal vaginal bleeding without signs of
precocious puberty may be infrequently caused
by prolonged, untreated hypothyroidism. In these
patients, there may be breast enlargement, ga-
lactorrhea, hyperprolactinemia, enlarged sella
turcica, ovarian follicular cysts, elevated gonad-
otropins (mainly FSH), and an estrogenic vaginal
smear. There is no androgen excess or pubarche
and no pubertal growth spurt. There is a delayed
bone age (Chap. 9, 14, 15) (3, 4). Percutaneous
aspiration of secondary ovarian cysts added to
the standard thyroxin therapy may be helpful (5).

6. Accidental estrogen ingestion may also set off
vaginal bleeding without puberty development.

7. Sometimes, precocious puberty caused by a cen-
tral nervous system lesion may have bleeding be-
fore secondary sexual development (1). Brain im-
aging is necessary for diagnosis.

8. Transient neonatal bleeding with a stimulated
uterus and a dominant 3 cm ovarian cyst has been
reported with adrenal steroid suppression of con-
genital adrenal hyperplasia, which resulted in a
transient gonadotropin level (6).

9. Prolonged vaginal bleeding is common following
long-acting gonadotropin-releasing hormone ag-
onist therapy of central precocious puberty in
premenarchal girls (7).

II. CAUSES OF LOCAL
NONENDOCRINE BLEEDING

A. Causes

The local causes of nonhormonal vaginal bleeding in the
child are listed in Table 1. These conditions can also cause
abnormal bleeding in the adolescent. The vast majority of

adolescent abnormal bleeding is caused by anovulatory
dysfunctional uterine bleeding because half of all adoles-
cents do not ovulate at menarche.

B. Incidence and Prevalence

There are no reliable data on the incidence and causes of
local bleeding in the child because of case selection fac-
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tors and age group bias. Adolescent statistics may also
reflect pregnancy and its complications (miscarriage, abor-
tion, or ectopic pregnancy), sexually transmitted disease,
misuse of oral contraceptives, voluntary sexual activity,
and rape.

Among 1300 Viennese children, average age 7.6
years, seen in elective clinic visits for evaluation of gy-
necological problems, the most frequent conditions were
vulvovaginitis (43%), ‘‘pathologic vaginal bleeding’’
(13%), vulva disorders (7%), and suspicion of foreign
body (5%) (8). In adolescents, most of the bleeding was
anovulatory dysfunctional bleeding.

Emergency rooms tend to report trauma and urethral
prolapse as bleeding causes because of the acute and se-
vere presentations. Private pediatric offices and clinics ac-
quire cases with less dramatic bleeding and tend not to
report them.

A London referral hospital reported that among 52
girls 10 years of age and under with vaginal bleeding, 28
had a local lesion, of whom 11 had malignant vaginal
tumors. These included eight rhabdomyosarcomas, two
clear cell adenocarcinomas, and one endodermal sinus tu-
mor. Bleeding from vulvar lesions included lichen scle-
rosus, warts, and cavernous hemangioma, as well as ure-
thral prolapse, trauma, and vulvovaginitis. Precocious
puberty occurred in 11 children: constitutional in two,
granuloma cell tumor of the ovary in three, and premature
menarche in six. In 13 cases, no cause for bleeding was
found (9). I believe that the high incidence of malignancy
and precocious puberty and the absence of foreign bodies
in the vagina were a result of case selection. The lack of
a cause for bleeding may have been a result of a severe
vaginitis that cleared by the time of vaginoscopy. In their
precocious puberty cases (only 2 of 11 were constitu-
tional), most had bleeding without other signs of second-
ary sexual development and with normal bone age. Iso-
lated bleeding as the first sign of puberty was also found
in another select series (1).

There have been several recent reviews of vaginal
bleeding in children (10–21). There is general agreement
that the most frequent causes include trauma, vulvovagi-
nitis (especially vaginitis), vulvar lesions, vaginal foreign
bodies, and urethral prolapse.

A Japanese hospital reported that of 330 girls referred
ages 1–10, 20% had vaginal bleeding. Of these 74% (46
of 62) had local vaginal lesions due to vulvovaginitis (28),
urethral prolapse (6), trauma (6), foreign bodies (3), and
vaginal tumors (3). Of the latter one was sarcoma bot-
ryoides and one was endodermal sinus tumor. Precocious
puberty was diagnosed in 16 (20%), of whom 6 had an
hormonally active ovarian tumor. There were three cases
with idiopathic precocious puberty without secondary sex-
ual development (presumably premature menarche) (16).

Malignant conditions of the vagina are very rare but
may present initially as unexplained vaginal bleeding
(even only staining for a few days) in an otherwise healthy

child. With early discovery, local resection, and contem-
porary chemotherapy, the dismal prognosis of 30 years
ago has been removed from about 85% fatality to apparent
cure.

Trauma may result from sexual abuse, which may
also be part of general mistreatment of the child. The sus-
picion of abuse requires reporting to legal authorities. Ide-
ally, sexual abuse should not be overlooked (even though
there may not be definite physical findings), and sexual
abuse should not be misdiagnosed in conditions that sim-
ulate its physical findings (such as lichen sclerosus with
bleeding, laceration-like fissures, and ecchymoses).

III. SEVERE VAGINAL INFECTIONS
AS A CAUSE OF LOCAL
NONENDOCRINE BLEEDING

A. Vulvovaginitis

Vulvovaginitis is the leading gynecological problem of the
child, which can cause bleeding. The child is susceptible
to infection because of a vulva that

1. Lacks the thick adult labial pads and pubic hair
2. Has delicate skin
3. Is close to the anus

The child is also susceptible because of a vaginal mucosa
that

1. Is anestrogenic and thin (about 6 cells thick
rather than the approximately five times thicker
adult)

2. Lacks glycogen (and lactobacilli) and therefore is
of neutral pH rather than the adult acid pH

3. Might lack immune globulin of the adult

In addition, children tend to have poor local hygiene.
Most vulvovaginitis is primary vulvitis with secondary
vaginitis set off by an episode of poor hygiene.

Primary vaginitis is less common and more deserving
of investigation. A culture of the vagina above the hymen
is required for diagnosis.

B. Group A �-Hemolytic
Streptococcus Vaginitis

Group A �-hemolytic streptococcus is the most frequent
cause of a specific vaginal infection causing bleeding, al-
though bleeding does not occur in every case. Q-tip cul-
turing often provokes bleeding. On vaginoscopy, there is
a severe inflammation of the upper posterior vaginal wall
and fornix with extensive petechial hemorrhages in the
anestrogenic atrophic mucosa. Blood comes from a broad
area. A single bleeding site cannot be visualized. Although
vaginoscopy is recommended, a positive culture with cure
after 10 days of antibiotic therapy (similar to a pharyn-
gitis) and observation is a reasonable alternative.
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Group A �-hemolytic streptococcus (GAHS) has been
reported in 18% of girls who were cultured for clinical
vulvovaginitis (actually vaginitis). The incidence is higher
in the age group up to 9 years, as opposed to the 10–14-
year age group. The younger child is expected to have
streptococal vaginitis; the older child, because of an es-
trogenic thicker vaginal wall, is resistant. It is also in-
creased in the winter months, when streptococcal phar-
yngitis is increased. The organism is probably transmitted
from the pharynx to the vagina (22). This suggests that
GAHS is more commonly associated with vulvovaginitis
than previously thought. It could indicate a true increase
in frequency or better recognition by more liberal use of
cultures.

C. Candida Vaginitis

Candida may cause a vaginitis with a cottage cheese dis-
charge, a vulvitis with severe excoriation, a perianal der-
matitis, a diaper rash, and a secondary infection of any
vulvar lesion. The diagnosis is made by inspection, scrap-
ing, culture, or microscopic potassium hydroxide wet
mount smear.

D. Sexually Transmitted Disease

Any sexually transmitted disease raises the question of
sexual molestation (gonorrhea, chlamydia, trichomonads,
Gardnerella, condyloma, etc.), although it is possible that
all of these can be acquired without molestation at the
time of vaginal delivery, from a caretaker, or close phys-
ical contact with the mother. Trichomonads prefer the es-
trogenic vagina and tend to be found in the newborn and
older child.

E. Unusual Infections

Rare severe vaginal infections usually associated with
geographic endemic areas can cause bleeding.

Recurrent vaginal bleeding and bloody discharge may
be due to Shigella causing a distal localized intense vag-
initis. It originates from a previous enteric infection and
there may or may not be a residual positive stool culture.
Sometimes, prolonged treatment may be required. Con-
tacts should be cultured even if asymptomatic. In the
United States, these cases are infrequent. Patients often
come from Indian reservations in the Southwest and usu-
ally have Shigella flexneri. In Peru, the usual cause is
Shigelia sonnei (13). Other rare causes include Schisto-
somiasis and Amoebiasis (24).

IV. TRAUMA AS A CAUSE OF LOCAL
NONENDOCRINE BLEEDING

The physician is faced with two problems: the specific
injury (and treatment) and the question of sexual abuse
and, with it, sexually transmitted disease (25).

A. Management of Bleeding

When the child is first seen by the pediatrician, there is
the tendency to watch and wait with the hope that the
bleeding will spontaneously stop. Unfortunately, if there
is persistent active bleeding several hours may be lost,
with significant blood loss. A cold compress should be
applied to the vulva for about 10 min. If significant bleed-
ing persists, the child should be taken to the operating
room for meticulous hemostasis, suturing of lacerations,
and reconstruction using fine absorbable nonreactive su-
tures. The integrity of the bladder and rectum is checked
by having the child void, catheterization, and rectal ex-
amination. Vaginal lacerations and possible transvaginal
peritoneal injury are checked and consideration given to
blunt abdominal trauma. Despite fecal contamination, im-
mediate repair of fresh rectal tears gives good results. An-
tibiotics and tetanus prevention should be considered.

Bleeding as a result of trauma often causes external
bleeding. Occasionally, blunt trauma from a fall may re-
sult in a deep pelvic hematoma that a number of days
later ruptures laterally into the vagina, resulting in the
vaginal discharge of old blood.

Genital injury gives rise to anxiety. The little girl is
disturbed by pain and bleeding, her parents are worried
about serious damage, and the physician is concerned
about possible sexual abuse.

Accidental injury is more common than molestation.
With the former, there is prompt reporting by the patient
and her mother, a clear history, and findings consistent
with the history (26).

Most trauma is an accidental fall with a hematoma of
the anterior labia majora or perineum. It is usually man-
aged by ice bag pressure and observation. Infrequently a
large or enlarging hematoma may require surgery to ligate
a bleeding vessel or for packing (21).

Vaginal laceration may result from water slide injury
and bleeding may require examinations under anesthesia
(27, 28). It may also occur from water-ski douche (29) or
jet-ski inquiry (30), high-pressure water jet (31) or sliding
down a water chute (32).

Vaginal bleeding may be sign of anorectal injury (33).
Despite denial of trauma and of an intact hymen, pro-

fuse vaginal bleeding can occur from a vaginal laceration
in the prepubertal child (34).

Compression of the uterus and adnexae as compo-
nents of a sliding indirect inguinal hernia in an infant ap-
parently may cause vaginal bleeding (35).

B. Types of Injury

A prospective 33 month study from the accident and
emergency department of the Royal Liverpool Children’s
Hospital revealed 87 girls with genital injuries (26). Of
these, 82 had a clear clinical history. Most of the injuries
(74) involved straddle or falling onto hard objects, which
compresses the vulvar soft tissue against the pubic ramus
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bone. This resulted in asymmetrical bruising (sometimes
severe), abrasion, and (usually superficial) lacerations an-
teriorly between the labia majora and minora. There may
be unilateral medial thigh scraping. With the usual strad-
dle accident, one foot slips and the child falls forward and
to one side. Accidents occurred on bicycles, falling on
small toys, climbing on furniture, falling astride a fence
or bathtub wall, on play or sport apparatus, and from kick-
ing. There were five girls with vaginal-penetrating injuries
caused by railing spikes, sticks, and a bath tap. These
injuries were severe and required examination under an-
esthesia and suturing. There were tears of the posterior
vestibule and posterior vaginal wall. Stretch injuries
(‘‘splits’’) occurred in three cases, with superficial tears in
the perineum and fourchette, especially in those with la-
bial adhesions; two girls had self-inflicted scratch injuries.
Of the 87 girls with genital injuries, 80 were considered
accidental. Sexual abuse was alleged by only three of the
seven girls with suspicion of abuse (26).

C. Sexual Abuse

Suspicion of sexual abuse is raised by an absent or vague
history and a delay in presentation in cases of injury to
the hymen; (severe) posterior fourchette, perineum, or
posterior vaginal wall; and failure to have a return visit.
The posterior fourchette is distal to the hymen in the ves-
tibule. The gynecological perineum is between the vagina
and anus (the anatomical perineum includes the entire
vulva) (26).

Sexual abuse in children involves medical care, emo-
tional support, report to child welfare agencies, collection
of evidence, and follow up (36).

Lower abdominal pain and vaginal bleeding may be
signs of a posterior vaginal fornix laceration with hema-
toperitoneum due to initial sexual intercourse (37).

Vaginal digital ‘‘fisting’’ with laceration reported in
adults (38) might present in children with a vague history;
pain and severe bleeding requiring general anesthesia for
assessment; and multiple lacerations of the vagina, rec-
tum, and bladder.

V. FOREIGN BODIES IN THE VAGINA
AS A CAUSE OF LOCAL
NONENDOCRINE BLEEDING

Foreign bodies in the vagina tend to cause a persistent,
foul, bloody vaginal discharge. This is a primary vaginitis
and secondary vulvitis. The usual material is rolled-up
wads of toilet tissue. These are almost always multiple
and of different ages. X-rays usually do not detect them
because most foreign bodies are not radiopaque. Also,
these wads cannot be detected by rectal examination or
ultrasound. Levator muscle action causes these wads to be
pulled to the upper posterior vagina, and thus they are

usually not visualized by inspection of the vulva. Vaginal
cultures may yield any or all of the colon bacteria.

Another frequent foreign body is the hard plastic, nar-
row bottle cap with an ‘‘arrowhead’’ configuration. It may
cause trauma on insertion. It can be palpated on rectal
examination.

Almost any small object has been found in the va-
gina, including rolled-up pieces of cloth and green peas.
Rarely, trapped pinworms may be lost on their return mi-
gration from the rectum.

The object is usually inserted by the child herself,
who forgets or does not wish to remember because she
knows that it is not proper. I believe that the child pushes
her finger rolled up with toilet tissue into the vagina be-
cause of itching, and the tissue remains. Thus, there is
usually no history of insertion.

Rolled-up wads of toilet tissue tend to reaccumulate,
probably because of habit formation.

On discovery, there is an emotional melodrama as the
mother berates the child. Sometimes, the foul odor results
in the child being isolated, with secondary psychological
reactions occurring before the diagnosis is discovered.

VI. VULVAR LESIONS AS A CAUSE OF
LOCAL NONENDOCRINE BLEEDING

A. Trauma

Because of play, abrasions, scratching, and binding cloth-
ing combined with an unprotected vulva with delicate
skin, children often experience nonspecific abrasions, ex-
coriations, and nonspecific infections of the vulva. These
may bleed spontaneously or after rubbing.

B. Skin Disease

1. Condyloma Acuminatum
The incidence of childhood condyloma acuminatum is
progressively increasing. It is readily diagnosed by in-
spection. Scratching or other trauma readily provokes
bleeding. The lesions have a characteristic dry, warty,
hard, pointed appearance on the skin of the labium majus,
perineum, and perianal areas. At the vaginal introitus with
mucosa, the lesions are soft, bulky, and rounded, contain-
ing 1 mm clear granuloma-like areas suggestive of tapioca
pudding. Personal observation suggests that children with
sensitive skin (seborrheic or atopic dermatitis) are more
susceptible (see Fig. 1).

The presence of vulvar and perianal condyloma acu-
minatum requires that sexual molestation be ruled out be-
cause this is a sexually transmitted disease. Nevertheless,
it is possible that in most children anogenital warts are
acquired by nonsexual transmission. The sources may be
the mother’s birth canal, caretakers by direct contact,
washcloths, and general body cutaneous verruca vulgaris
(39).
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Figure 1 (a) Condylomata acuminata lesions of the skin are dry, hard, and warty, as seen on the perineum and perianal areas.
In this case, they are less pointed because of previous podophyllin (podophyllun resin) therapy (b). The lesions of the introitus
and periurethral areas (mucosa) are soft and bulky and resemple tapioca pudding

In the differential diagnosis of genital verrucous le-
sions is Darier’s disease (keratosis follicularis), an auto-
somal dominant acantholytic disorder that may also result
from a spontaneous mutation. Initially it resembles a
chronic diaper rash or candidiasis, and later, painful in-
fected masses develop (40). A biopsy is necessary for the
diagnosis.

2. Symmetrical Fissures
Seborrheic and atopic dermatitis are frequent childhood
skin diseases occurring in more than 5% of all children.

Although not generally recognized, I find a high incidence
of vulvar involvement and a frequently underestimated
cause of chronic vulvovaginitis. The reason is that the
usual diagnosis is made from the vaginal culture and the
vulva is overlooked. Both these conditions have charac-
teristic general signs, such as fissures and crusts behind
the ears, a prominent lower eyelid fold (Dennie’s lines
and Morgan’s folds), keratosis pilaris of the outer arms,
and eczema of the elbow creases. There may be some
overlap between these two conditions on purely clinical
grounds. Both have a similar, transient subacute appear-
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Figure 2 Fissure that caused bleeding on the child’s right side between the labium minus and majus

ance of the vulva, with symmetrical fissures between the
labia minora and majora and in the midline perineum.
There may also be fissures in the midline anterior to the
clitoris, radial in the perianal area, and in the midline pos-
terior to the anus (see Fig. 2). When deep, the fissures
can bleed. They may be confused with sexual molestation;
however, the fine, precise symmetrical lesions and the
general body distribution confirm the diagnosis.

Lichen sclerosus et atrophicus, now referred to as li-
chen sclerosus, in its advanced form has fissures in a sim-
ilar distribution; however, they are coarser, chronic, and
bleed more readily (see Fig. 3). They are often misdiag-
nosed as sexual molestation. A biopsy confirms the lesion.
It begins as white, flat papules that coalesce into atrophic
so-called cigarette paper plaques in the anogenital region.
The skin becomes thin and fragile, with upper dermal
edema and collagen homogenization. It is easily trauma-
tized, causing purpura and bleeding. Mothers may report
what appear to be blood blisters after the child goes on
long bicycle rides. A biopsy confirms the diagnosis.
Whereas in adults topical 2% testosterone in petrolatum
has been recommended, topical 1% progesterone may
help in children (41).

3. Psoriasis
Psoriasis is not unusual in children. If it first appears on
the vulva, it is frustrating because the local heat, humidity,
and rubbing modify the typical appearance and it resists
therapy. If it appears on the vulva after general body in-
volvement is present, then the diagnosis is simple. Abra-
sion and chafing can cause bleeding.

4. Diaper Rash, Allergies, and
Contact Reactions

The usual diaper rash is an irritant dermatitis related to
chemical and bacterial action of the urine and stool. It
usually starts on the convex surfaces of the vulva closer
to the diaper.

Diaper area rashes also may be caused by candidiasis,
atopic eczema dermatitis, seborrheic dermatitis, and pso-
riasis, and, less often, by dermatophyte fungi or histio-
cytosis. The last may represent a serious systemic illness
and presents as deep intertriginous fissures with severe
seborrheic-like dermatitis that resists treatment.

The usual seborrheic dermatitis begins in the intertri-
ginous creases but is less severe and responds to treat-
ment.

The child’s sensitive skin is easily irritated by contact
or allergic reactions to perfumes, dyes, bubble bath, hot
water, excessive soap, and other agents.

5. Hemangiomas
As many as 10% of all infants have hemangiomas, which
may grow rapidly in the early months. Slow spontaneous
regression usually starts at 6–10 months of age. Vulvar
lesions are easy to visualize. Scratching or trauma may
cause recurrent bleeding. Vaginal hemangiomas require
vaginoscopy for identification. Rare, deep pelvic cavern-
ous hemangiomas may have vulvar extensions, bladder
extensions (causing hematuria), and rectal extensions
(causing large hemorrhoids). Uncomplicated heman-
giomas are observed. Complications are traditionally
treated with oral or intralesional glucocorticosteroids (42).
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Figure 3 Lichen sclerosus of the vulva. There are chronic
coarse deep fissures that readily bleed and white skin. The
trauma of bicycle riding can cause ecchymoses.

Figure 4 Confluent multiple vulvar ulcers caused by herpes, covered by a white exudate of colon-type bacteria

Dry ice sticks have also been used. Two new modality
treatments that seem to be relatively safe and effective are
being evaluated: vascular-specific pulsed dye laser and in-
terferon-�2a (43).

Aside from the hemangiomas, the other vascular
birthmark is the vascular malformation. It persists
throughout life, may involve complex combined vascu-
lar malformations, requires evaluation, and is rare (44,
45).

The rare giant hemangioma, which may present as a
subcutaneous soft mass, may have a dangerous consump-
tion coagulopathy and thrombocytopenia (Kasabach-Mer-
ritt syndrome). Those that do not respond to conventional
therapy may respond to systemic subcutaneous interferon-
� (46).

There are extremely rare, rapidly growing, congenital
hemangiopericytomas that simulate hemangiomas but
spontaneously ulcerate with severe bleeding (47).

6. Vulvar Infections
Vulvar candidiasis can cause severe pruritic erythematous
lesions with sharp irregular borders and satellite lesions.
It suggests diabetes or immune deficiency.

Staphylococcus and Streptococcus can cause vulvar
and buttock pustules and brawny induration (erysipelas).

Tinea skin infections cause elevated circular lesions.
Chicken pox (varicella) lesions are also present on

the vulva, where they are readily infected with bacteria
and therefore persist.

The most commnon vulvar ulcers are caused by her-
pes. Figure 4 shows multiple confluent vulvar ulcers cov-
ered with a white exudate of colon-type bacteria. Bacterial
culture is misleading. The syphilis lesion may be a pri-
mary chancre, secondary congenital condyloma latum, or
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Figure 5 Subacute urethral prolapse. The urethra remained enlarged, simulating the vaginal introitus. A Q-tip is in the actual
vagina.

generalized macular rash. Chancroid ulcers are shaggy,
painful, and simulate herpetic ulcers. Tumor chemother-
apy can cause vulvar ulcers (48).

In refugee housing with enforced closeness, scabies
spreads rapidly and causes intense genital itching. Pedic-
ulosis publis occurs in the older child.

There are many rare vulvar lesions. Chronic bullous
dermatosis of childhood has subepidermal blisters with
the deposition of IgA in a linear pattern along the base-
ment membrane. It may also occur in other areas besides
the genitalia, such as the trunk, extremities, and oral and
tracheal mucosa (49).

Crohn’s disease of the vulva may occur as a direct
extension of this granulomatous intestinal disease as ul-
cerations and fistulas or separately (‘‘metastatic’’). On his-
tological appearance, the latter is a sterile, noncaseating,
nonspecific granuloma.

Granular cell tumors are slow-growing solitary nod-
ules or plaques with a smooth or hyperkeratotic hyperpig-
mented verrucous surface that may be confused with squa-
mous cell carcinoma or condyloma (50).

VIl. PROLAPSE OF THE URETHRA
AS A CAUSE OF LOCAL
NONENDOCRINE BLEEDING

In some emergency rooms, urethral prolapse is the leading
cause of vaginal bleeding. It presents as acute bleeding
with pain and urinary symptoms. On inspection, there is
a friable, shaggy, necrotic, bleeding mass suggestive of a
malignancy. The diagnosis can be confirmed by passing a
urethral catheter. The predisposing factors are an increase
in intra-abdominal pressure and trauma. Management op-

tions include conservative therapy (sitz baths and topical
estrogen cream), ligation over a Foley indwelling cathe-
ter, and excision under general anesthesia. The last gives
the best results (51). Milder cases with conservative ther-
apy tend to remain in a subacute condition (see Fig. 5)
(52–54).

The differential diagnosis includes hematuria (from
bladder or urethral hemangioma), prolapse of ureterocele,
and bladder rhabdomyosarcoma.

The most frequent age is 4.9 years. Most cases are
initially misdiagnosed by the referring pediatrician or
emergency physician (54).

VIll. ANAL LESIONS AS A CAUSE OF
LOCAL NONENDOCRINE BLEEDING

A. Fissures

The most common anal lesion causing bleeding is the fis-
sure. It may cause spontaneous bleeding, blood covering
the stool, pain, and fear of bowel movement. The usual
cause (which is not generally recognized) is seborrheic or
atopic dermatitis, in which there are the characteristic
symmetrical, interlabial vulvar fissures, midline perineal
fissures, and perianal radial fissures. There is often an an-
terior edematous skin tag.

B. Perianal Dermatitis

Perianal dermatitis on culture usually reveals Candida, but
Streptococcus group A and Staphylococcus aureus (55),
as well as all the colon bacteria, may be present. A single
infecting organism may be predominant and the presump-
tive cause, but the condition, especially if recurrent, may
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Figure 6 Large true hymen polyps in a 1-week-old child

be caused by the predisposing fissures of seborrheic and
atopic dermatitis with secondary infection.

C. Pinworm

Pinworm infestation is common in children. About 20%
of cases are significantly symptomatic, usually with noc-
turnal itching and sometimes with abdominal pain.
Scratching tears the skin and encourages reinfection. Noc-
turnal itching may also be the result of blankets that cause
an increase in heat and moisture in cases of atopic der-
matitis.

D. Condylomata Acuminata

Condylomata acuminata are often perianal in distribution.
Their presence requires consideration of molestation.
Even without molestation, it occurs in this area especially
in children with atopic dermatitis, who are particularly
susceptible.

E. Hemorrhoids and Trauma

True hemorrhoids are unusual in children and suggest a
large pelvic cavernous hemangioma.

Trauma may be a result of molestation, foreign bod-
ies, or an innocent accident. Prompt evaluation and re-
construction if needed usually result in healing despite
contamination.

IX. POLYPS OF THE HYMEN
AS A CAUSE OF LOCAL
NONENDOCRINE BLEEDING

It is not unusual to find a prominent, fleshy hymen in the
newborn, often with a polypoid posterior lip as a result

of maternal estrogen. After a week, these recede, with
absence of estrogen. Occasionally, true polyps persist and
may tear and bleed. Figure 6 shows large true polyps in
a 1-week-old child. Even small polyps may persist. Polyps
of the hymen are usually benign.

X. MALIGNANT AND BENIGN
TUMORS OF THE VAGINA, UTERUS,
AND OVARIES

A. Rhabdomyosarcoma

Malignant vaginal tumors are rare but potentially fatal.
The victims, when first seen, always look in deceivingly
perfect health. The most common is rhabdomyosarcoma
(56–58), which gynecologists call sarcoma botryoides.
About 30 years ago, it was generally fatal within 2 years,
and the only survivors were those whose tumors were
discovered early and underwent pelvic exenteration. In re-
cent years, with early discovery, local resection, and con-
temporary chemotherapy, the prognosis has been reversed,
with the expectation of a cure in 85%. The tumor origi-
nates in the submucosal mesenchyme of the vagina and
initially presents as a protruding polypoid mass and bleed-
ing. Because the tumor surface is normal mucosa, even
experienced physicians are misled. In addition, superficial
biopsies may be misleading, because aside from the nor-
mal surface mucosa, a deep section is necessary. The path-
ological diagnosis requires more than one cell type and
the dermis layer. The tumor usually develops in the upper
anterior vaginal wall. The important fact is that although
polyps of the hymen are usually benign, polyps that orig-
inate above the hymen are considered malignant until
proven otherwise. Figure 7 shows a 6-year-old girl (most
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Figure 7 Vaginoscopy showed a polyp. On straining, the polyp protruded as seen here. The surface mucosa is normal vaginal
mucosa. Under the normal mucosa of the apparently benign polyp is the very malignant mesenchymal rhabdomyosarcoma. Any
vaginal polyp that originates above the hymen is considered malignant until proved otherwise.

Figure 8 Large vaginal rhabdomyosarcoma protruding from the vagina. The grape-like cluster (so-called sarcoma botryoides)
is noted. Part of the tumor is necrotic because of vascular disturbance.

are younger) who had staining for 3 days and a normal
hymen. Vaginoscopy revealed a polypoid tumor. On
straining, a polyp protruded with a normal vaginal mu-
cosal surface whose origin was above the hymen. Early
small rhabdomyosarcoma polypoid masses do not pro-
lapse on straining, and this is not a reliable test. Resection
of the polyp showed it to be a rhabdomyosarcoma. If the
frozen section confirms the diagnosis, then it is advisable

to perform cystoscopy with the same anesthesia to detect
possible bladder invasion.

Large vaginal rhabdomyosarcomas may suddenly
protrude out of the vagina in grape-like clusters, some-
times after straining at stool. Figure 8 shows this occur-
rence in an 11-month-old child. Part of the tumor has
become necrotic because of a vascular disturbance. De-
spite the lesion’s size, the child was cured.
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B. Germ Cell Tumors

Endodermal (yolk sac) germ cell tumors (59, 60) are very
malignant, midline body neoplasms. They tend to occur
in the upper vagina and cervix (61) and cause bleeding
but usually do not prolapse to the introitus. In the past 10
years, with contemporary chemotherapy, the previous usu-
ally fatal outcome has been reversed.

C. Adenocarcinoma

Clear cell adenocarcinoma (CCA) has been associated
with female fetal exposure to maternal ingestion of dieth-
ylstilbestrol (DES) (62). Despite this discovery in 1971
and the discontinuation of DES for pregnant women, this
cancer still occurs, although at a reduced rate. It is a cause
of vaginal bleeding, and the tumor usually is not visible
at the vulva.

DES is the first discovered, hormonal transplacental
carcinogen. If given in the first trimester to a pregnant
woman with a female fetus, DES can cause a CCA of the
vagina or cervix at a delayed time, usually at or just after
puberty.

DES became popular in the 1940s because it was the
first synthetic, inexpensive oral estrogen. It is nonsteroi-
dal.

There were 547 cases of CCA reported as of 1989.
In about one-quarter of the cases, there was no history of
hormonal exposure. The age range at discovery was 7–
34.4 years, with 91% of patients between 15 and 27, and
a median age of 19.0. This suggests a stimulation effect
of puberty, especially because of a sharp, dramatic rise at
age 14.

Before the use of DES, CCA was very rare and
tended to occur in older women.

DES was used to treat women with a history of re-
peated spontaneous abortion. Such women tend to have
affected children more than women taking DES without
pregnancy losses.

About 60% of CCA are vaginal, usually in the ante-
rior upper third. The remainder are on the ectocervix (por-
tio). They are unifocal. CCA is fatal if untreated.

The risk of CCA in a DES-exposed female is 1:1000.
Benign changes are much more frequent, about 35%

having vaginal adenosis (glandular, endocervical-type ep-
ithelium). About 25% have cervical structural abnormal-
ities with cervical hoods, ridges, collars, pseudopolyps, or
vaginal septa. All the benign changes occur more fre-
quently with higher dosages of DES and with earlier use
in pregnancy.

In early embryonic life, the paired müllerian (para-
mesonephric) ducts (with glandular, columnar, endocer-
vical-type epithelium) form and fuse at about 8 weeks at
the urogenital sinus, forming a tubercle or vaginal plate.
The latter then grows cephalad as a solid core of squa-
mous epithelium into the fused ducts. Later, the solid core
canalizes to become the vagina. Usually, the separation of

the two types of epithelium is at the external os of the
cervix.

DES, or any stilbene-type estrogen, prevents normal
development of the genital epithelium. It can also cause
abnormal proliferation of the adjacent connective tissue,
resulting in gross structural abnormalities.

DES is considered an incomplete carcinogen, and
there may be other unknown predisposing factors.

The benign and malignant changes are not found with
steroidal estrogen exposure.

DES-exposed males do not have an increased risk of
cancer. There are conflicting reports of possible benign
anatomical and seminal abnormalities (62).

My personal speculation is that because DES is still
used to fatten chickens and cows for slaughter, this may
be a continuing source of ingestion because it can be
stored in animal fat.

A very rare cause of vaginal malignancy is meso-
nephric duct remnant carcinoma.

D. Direct Vaginal Bleeding

Direct vaginal bleeding may also occur due to very rare
benign vaginal (63) cervical (64) and vulvar tumors (65).
Direct bleeding may result from benign (66) or malignant
uterine tumors (67–69) or endometritis. Indirect bleeding
may result from benign and malignant ovarian tumors
(70–75) by hormone secretion, compression, and distur-
bance of uterine circulation or unknown mechanisms.

XI. COAGULATION DEFECTS
AS A CAUSE OF LOCAL
NONHORMONAL BLEEDING

Symptomatic coagulation defects are an unusual cause in
children, and any vaginal bleeding is part of the overall
body tendency to bleed.

The most common inherited bleeding disorder is von
Willebrand’s disease (VWD). The prevalence has been es-
timated to be as high as 1.3% of the general population
based on a personal history of bleeding, decreased VW
factor (VWF) activity, and a positive family history. It
may even be higher especially in subjects with blood
group O. Since screening tests (bleeding time) may not
be reliable, some recommend that VW factor activity be
measured initially in children with mucosal bleeding (76).

Affected children tend to have easy bruising, muco-
cutaneous bleeding (including epistaxis, oral, rectal, vag-
inal) and prolonged bleeding after trauma. It usually pre-
sents as menorrhagia, which may be significant beginning
at menarche (77, 78). About 80% of patients have the mild
types 1 and 2 A, 2B. These are autosomal dominant with
variable phenotypic penetrance and expressivity. The se-
vere types 2N and 3 are rare and recessive and sometimes
occur in clusters in Israel, Sweden, and Iran (79). Type 1
shows a partial quantitive reduction of VWF levels. Type
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2 varieties have qualitative mutant VWF protein. Type 3
involves almost complete absence of VWF protein (79).
The diagnosis is not simple and repeated tests may be
required. There are several confounding problems. Per-
sons with blood group O have a 25% reduced level of
VWF and Factor VIII. In addition plasma levels of both
increase three- to fivefold with physiological stress, ther-
apeutic estrogen, oral contraceptives, pregnancy, and pos-
sibly hyperthyroidism (80, 81). Furthermore, a personal
and family bleeding history and low VWF ristocetin co-
factor activity, which are the criteria for VWF Type 1,
may not cosegregate with genetic markers at the VWF
gene locus. The phenotype diagnosis identifies bleeding
risk (82). In infancy von Willebrand factor is normally
high and therefore the disease ‘‘can not be diagnosed with
confidence . . .’’ (81, p. 278). The usual screening test is
bleeding time, which may be prolonged and also occurs
in cases of platelet dysfunction. There might be a pro-
longed activated partial thromboplastin time and a mild
thrombocytopenia with type 2B VWD (79). Bleeding time
has a low sensitivity. High shear system testing is superior
(83).

In practice rapid immunoassay screening for von Wil-
lebrand disease type 1 had a low yield and limited ability
to predict bleeding in surgery (84). More precise standard
testing includes the plasma VWF factor protein level
(VWF:AG), VWF ristocetin cofactor assay for functional
activity (VWF:R Co), VWF ristocetin-induced platelet ag-
glutination (RIPA), factor VIII, and circulating molecular
weight profile of VWF (VWF multimeras) (79). Although
desmopressin is usually used to treat VWD, about 10%
of children fail to achieve an adequate response. Response
should be tested measuring VWF:Ag, VWF:Ac, and factor
VII:C at the time of diagnosis should there be a need for
future surgery (85). Acquired von Willebrand’s disease or
syndrome (AvWD, AvWS) is rare, may suddenly appear
without personal or family bleeding history, and with the
same laboratory findings as congenital VWD. There are
autoantibodies against von Willebrand factor. It is asso-
ciated with lymph or myeloproliferative, autoimmune or
cardiovascular disease, drugs and solid tumors (86, 87),
and may be secondary to hypothyroidism. Childhood em-
bryonal renal adenoma is associated with acquired poly-
cythemia and von Willebrand’s disease; preoperative test-
ing is required (88).

Factor XI deficiency has a heterozygous frequency of
8% among Ashkenazi Jews. It has an inherited autosomal
pattern. The normal plasma range is 70–150 IU/dl, with
heterozygotes showing levels down to 15 IU/dl and ho-
mozygotes less than 15 IU/dl. It presents as menorrhagia
or bleeding after a hemostatic challenge. Bleeding ten-
dency does not always match plasma levels, and may vary
over time. In addition there may be an additional associ-
ated von Willebrand’s disease (89, 90).

With Glanzmann’s thrombasthenia the initial bleeding
occurs before 5 years of age. The frequent presentations

include epistaxis, gingival bleeding, posttraumatic bruises,
menorrhagia (often requiring transfusions), and gastroin-
testinal and postoperative bleeding (91). It is a rare in-
herited hematological disorder of glycoprotein IIb–IIIa
complex that disturbs platelet function (92). Most cases
are discovered at menarche. Uterine packing has been
used to stop adolescent bleeding (92).

Rarely there may be severe acute onset of a general
tendency to bleed because of hypoprothrombinemia as-
sociated with a lupus anticoagulant (93).

Idiopathic thrombocytopenic purpura (ITP) is the
most frequent acquired pediatric bleeding disorder. Most
cases have only minimal bleeding and usually there is
spontaneous recovery in weeks to months. The peak age
is 4–8 years. It results from antiplatelet antibodies with
the platelet count less than 20,000/m3 and a prolonged
bleeding time. In apparently healthy children there is the
sudden appearance of bruising, petechiae, epistaxis, and
sometimes so-called wet purpura with mucus membrane
bleeding resulting in uterine, gastrointestinal, and oral
bleeding or blood blisters. There is often a preceding viral
infection or live virus immunization (94). About 17%
have major bleeding including intracranial hemorrhage,
epistaxis, or gross hematuria. There is a suspicion that
menstruation, infection, and risk factors for systemic lu-
pus erythematosis may predict intracranial hemmorhage
in children (95). Death may occur in children from un-
diagnosed immune thrombocytopenic purpura as an an-
esthesia complication from profound epistaxis (96).
Thrombocytopenia is the most common complication of
childhood typhoid fever (97). It may also occur as a con-
genital limb and bleeding disorder (thrombocytopenia ab-
sent radius syndrome) (98, 99). Occasionally with bru-
cellosis there may be severe thrombocytopenia with
purpura and mucosal site bleeding (100). The diagnosis
of idiopathic thrombocytopenic purpura often overlaps
with immune thrombocytopenic purpura. The acute form
affects mainly children, whereas the chronic form is usu-
ally found in young adults (101). In children generally
thrombocytopenia may result from viral infections (vari-
cella, Epstein-Barr virus (EBV), rubella, mumps, measles,
cytomegalic virus) by an immune reaction and cause a
petechial rash. However, petechial bleeding may occur
without thrombocytopenia in both bacterial and viral in-
fections (meningococcus, streptococcus, echovirus, etc.)
because of vasculitis or platelet dysfunction (102). Young
women with essential thrombocytopenia have a low
chronic risk of thrombohemorrhagic complications or
acute leukemia (103).

Most vaginal bleeding in the newborn is due to the
withdrawal of the maternal estrogen effect on the endo-
metrium and is considered a physiological variant. Most
neonatal bleeding problems are due to acquired coagula-
tion disorder. Evaluation may be difficult because coag-
ulation parameters are different from older children and
adults and because of rapid changes (104).
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Thrombocytopenia is the most common hematologi-
cal abnormality in the newborn. It may occur in 1–4% of
term births and in 40–72% of sick preterm newborns. The
leading causes of alloimmune thrombocytopenia and
thrombocytopenia are secondary to maternal and utero-
placental factors and pre-eclampsia. It may present as dif-
fuse petechial or mucosal surface bleeding. There may be
intracranial bleeding (104–108). Other causes of general
and mucous membrane bleeding in the newborn may be
coagulation protein disorders due to factors VIII and IX,
and vitamin K deficiency; disseminated intravascular co-
agulation (109); and vascular disorders such as intraven-
tricular hemorrhage in preterm infants and vascular mal-
formations with secondary thrombocytopenia (Kasabach–
Merritt syndrome).

In the adolescent most abnormal vaginal bleeding is
due to anovulatory dysfunctional uterine bleeding (DUB).
About half of all girls at menarche do not ovulate and are
at risk (109–111). The characteristic presentation is bleed-
ing for 3–4 weeks due to irregular sloughing of thickened
but fragile endometrium followed by 3–4 months of
amenorrhea with reaccumulation of flimsy endometrium
due to continuous estrogenic stimulation. Another pattern
is complete irregularity of bleeding with confusing vari-
ations from normal. Ideally the following may be consid-
ered: complete blood count (CBC), and other coagulation
tests; thyroid function tests; prolactin; human chorionic
gonadotropin (hCG); comprehensive metabolic screen; as
well as history, physical examination, vaginoscopy, and
perhaps pelvic sonography. Annovulatory dysfunctional
uterine bleeding is usually managed with oral contracep-
tives (initially at high dosage) for hemostasis. If unsuc-
cessful, intravenous Premarin is considered for initial he-
mostasis, especially if there is a thin, raw endometrium
and, as a last resort a gentle dilatation and curettage of
the uterus and Foley catheter balloon tamponade of the
uterine cavity (112). The American College of Obstetri-
cians and Gynecologists (ACOG) Practice Bulletin notes
that ‘‘Anovulatory bleeding is a normal physiological pro-
cess in the perimenarchal year of the reproductive cycle’’
(113). Nevertheless it indicates a 5–20% prevalence of
blood dyscrasias in adolescents hospitalized for bleeding.
Of course, this is a select group with heavy bleeding. Oth-
ers consider DUB as abnormal (114). Clinically it is often
difficult to decide whether the bleeding is simply DUB or
due to significant pathology.

Abnormal vaginal bleeding may be the presenting
symptom of a blood dyscrasia such as von Willebrand’s
disease, factor XI deficiency, thrombocytopenia, platelet
dysfunction (112, 115–117), or other factor deficiencies
(118). Other causes of adolescent abnormal bleeding in-
clude leukemia, pregnancy and its complications, neo-
plasms (ovary, uterus, vagina), partial ovarian failure, se-
vere liver and renal disease, forgotten tampons, pelvic
inflammatory disease, and underlying causes of anovula-
tion (119). Adolescents requiring hospitalization for men-

orrhagia have significant medical problems including ane-
mia, anovulation, hematological disease (33%), effects of
chemotherapy, and infection (120).

The most common malignancy of childhood is leu-
kemia, which accounts for 35%. About 80–85% of leu-
kemias are acute lymphoblastic leukemia (ALL). ALL is
the most common specific childhood malignancy (30–
35%). The clinical picture is truly acute: two-thirds have
symptoms less than 1 month preceding the diagnosis. In-
itially there is lethargy, exhaustion, and anorexia. Later
there is anemia, bleeding tendency (purpura, mucosal
bleeding, hematomas), infections, hepatosplenomegaly,
generalized lymphadenopathy, and bone–joint discomfort.
There is a genetic susceptibility to chromosomal syn-
dromes, DNA fragility, immunodeficiency syndromes, and
neurofibromatosis. Nevertheless 99% of cases are of un-
known causes. The peak incidence is between ages 2 and
5. Unfortunately there may be an initial normal complete
blood count (CBC) and smear and therefore a bone mar-
row study may be required (121). Acute myeloid (non-
lymphoblastic) leukemia causes 17% of cases of child-
hood leukemia (122, 123).

XII. EVALUATION

For prepubertal vaginal bleeding the history, physical ex-
amination and findings on vaginoscopy will give an im-
mediate diagnosis in 80–85% of cases (124).

A. History

It is important to obtain a reliable history from the mother,
the child’s caretaker, and, if possible, from the child her-
self. Some suggestions follow.

The bleeding history is detailed: onset, color (bright
red or brownish red, mixed with discharge), odor, amount,
and continuation: course, pain, and association with
scratching, wiping, urination, bowel movement, and tight
clothing.

Inquiry is made about vulvovaginitis symptoms: vul-
var itching, burning, and pain; vaginal discharge; rubbing;
use of bubble baths, perfumed soaps, or deodorants; or
wearing of tights, leotards, and ballet outfits. Dysuria
caused by vulvitis presents as vulvar dysuria with external
pain, a reluctance to void, a distended bladder, and oc-
casionally acute urinary retention. Dysuria caused by cys-
titis–urethritis causes deep pain, frequency, urgency, and
bladder spasms.

Has there been recent antibiotic, drug, aspirin or hor-
monal therapy or respiratory or skin infection? Does the
child have allergies or general chronic skin disturbances,
such as atopic or seborrheic dermatitis, eczema, or pso-
riasis? Does she have diabetes, chronic illnesses (kidney,
hepatic, or intestinal), or immunodeficiency defect? Is
there a coagulation disturbance?

Was there an acute trauma, such as falling from a play
device or from standing on a chair? Could the child have
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Table 2 Frequent Causes of Nonhormonal Bleeding
According to Site

Urethra: prolapse urethra (necrotic, sloughing)
Anus: deep fissure (pain, skin tag edema)
Vulva (inspection with good light and gentle retraction)

Trauma
Skin disease and lesions
Fissures (associated with seborrheic and atopic dermatitis

and lichen sclerosus)
General ecchymoses (coagulation defect)
Hymen polyp

Inspection of distal vagina
Vaginal discharge
Vaginal bleeding

Vaginal bleeding
Severe Streptococcus A vaginitis (usually upper vagina)
Foreign body (usually rolled-up wads of toilet tissue

causing a foul, bloody discharge)
Rhabdomyosarcoma (rare but very malignant with only

drops of blood)

been molested (even by an adult male relative) and have
been threatened if she reveals it? Is she left without su-
pervision?

Was the pregnancy uneventful? Did the mother take
any unusual medications? The family history includes the
health of siblings and such illnesses as diabetes; atopic
dermatitis, allergies, asthma, and eczema; bleeding dis-
orders; immunodeficiency states; and malignancies.

B. Physical Examination

Before examination, as an educational device, I indicate
to the child in the presence of the mother that only moth-
ers and doctors are allowed to examine, look at, or touch
children’s ‘‘private parts.’’ The mother is kept in the room
to reassure the child. Try to communicate in a friendly
fashion with the child to help her relax and create a non-
threatening environment.

The panties are inspected for blood and discharge.
The physical examination begins with a general ex-

amination.

1. Are there signs of precocious puberty? Is there
axillary or pubic hair? Is there mammary tissue
on palpation, or do the breasts seem enlarged be-
cause the child is chubby?

2. Does the child seem irritable? Does she scratch
herself generally? Is there white dermatograph-
ism? Are there signs of general skin disease, es-
pecially seborrheic or atopic dermatitis charac-
terized by erythematous fissures behind the ears
with flaking; scalp margins and paranasal ery-
thematous greasy scales; pityriasis alba of the
face; prominent lower eyelid skin folds (Mor-
gan’s folds) with white edematous edges; kera-
tosis pilaris of the outer arms and thighs, eczema
of the elbows, wrists, and popliteal space; and
ichthyosis of the legs? Are there signs of psori-
asis or chicken pox? Are there skin infections? Is
there pharyngitis, rhinitis, or cough? Is there ad-
enopathy (cervical, axillary, or inguinal), abdom-
inal masses, or ecchymosis?

3. Are there petechiae, ecchymoses, hepatosplen-
omegaly, abdominal masses, cervical, axillary or
inguinal adenopathy, anemia or abnormal blood
vessels (telangiectasias)?

The frequent local nonhormonal bleeding areas that
require attention in the physical examination are listed in
Table 2.

As a minimum, the vulva must be visualized. Further
office testing must be individualized in accord with the
reaction of the child, source of bleeding, experience of the
physician, appearance of the vulva, history, and perceived
seriousness.

The child may be placed in small stirrups in dorsal
lithotomy position or in frog leg position on the exami-

nation table or in the lap of the mother, who sits on the
table. A good cold light is necessary.

The labia majora are gently held apart and downward
to permit adequate inspection. Sometimes, the child’s
hands can be used by the examiner as retractors to reduce
anxiety. Careful inspection requires a trained eye. One
method is to start anteriorly and proceed posteriorly, view-
ing the mons pubis; presence of hair; erythematous fis-
sures in the midline anterior to the clitoris, then between
the labia majora and minora symmetrically, in the midline
perineum (between vagina and rectum), radially around
the anus, and in the midline posterior to the anus; clitoris;
urethra; hymen and its orifice; vestibule (just outside the
hymen); posterior fourchette; perineum; perianal area; and
groin and the adjacent buttocks. Very often the distal va-
gina can be visualized.

If the site and cause of the bleeding can be identified
by visualizing the exposed vulva, then the examination
may be discontinued. If these are not apparent, then fur-
ther investigation is needed and examination under anes-
thesia may be required to avoid anxiety, thrashing, and
resistance by the child.

Placing a Q-tip in the vagina may show blood and
indicate the vaginal source of bleeding. Another device is
an eye or medicine dropper. Vaginal secretion may be
tested for Papanicolaou cytology, bacterial culture, Gram’s
stain, gonorrhea culture, Chlamydia culture, saline wet
mount (for motile trichomonads, white blood cells, lac-
tobacilli, ‘‘clue’’ cells of Gardnerella bacterial vaginosis),
and 10% potassium hydroxide wet mount for Candida.
Cytology is not reliable to rule out a vaginal malignancy.
Cytological maturation index (MI) is helpful in evaluating
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Figure 9 Knee–chest position for visualizing the vagina in
the cooperative older child using a hand-held light. (Repro-
duced with permission from Emans SJ. Section 11. Gyne-
cology. In: Avery ME, First LR, eds. Pediatric Medicine. Bal-
timore: Williams & Wilkins, 1989:652).

estrogen activity. The usual anestrogenic prepubertal child
has an MI of 0% superficial, 0% intermediate, and 100%
parabasal cells. Superficial vaginal cells are large, flat, and
polygonal with a small pyknotic nucleus and are indica-
tive of the presence of estrogen. In England and Canada,
laboratories often reverse the MI sequence and report
parabasal, intermediate, and superficial vaginal cells. The
newborn has a temporary estrogenic smear of superficial
vaginal epithelial cells because of in utero maternal estro-
gen exposure.

Although not as reliable as an early morning swab, a
clear cellophane type of perianal swab may be made to
check for microscopic pinworm ova and to show the
mother how to do it at home in the early morning.

Bimanual rectal examination usually cannot detect
toilet tissue wads in the vagina but can detect a hard vag-
inal foreign object, a normal cervix, a firm vaginal tumor
mass, and the lower pole of an ovarian neoplasm (the
infant’s ovary is pelvic). It might ‘‘milk out’’ vaginal dis-
charge or bleeding.

With a cooperative older child, the ‘‘knee–chest’’ po-
sition may result in a ballooning out of the vagina to per-
mit visualization of the distal two-thirds of the vagina
with a hand-held light (see Fig. 9).

If the bleeding source is not apparent from visuali-
zation of the exposed vulva and distal vagina or if a Q-
tip inserted into the vagina produces bleeding, then va-
ginoscopy is appropriate. There may be a specific severe
infection (Streptococcus A), a foreign body (rolled-up
wads of toilet tissue), or a malignant and potentially fatal
neoplasm. Vaginoscopy is done generally for the suspicion
of significant trauma, foreign body, neoplasm, congenital
anomaly, or persistent vaginitis.

Unfortunately, no standard vaginoscope is in use. The
vaginoscope instruments that have been used include a
simple tube with obturator; a Cameron-Miller tube with
obturator, distal light bulb, magnifying glass; a fiberoptic
Storz instrument; a hysteroscope; a cystoscope; or a min-
iature bivalve speculum. Miniature alligator forceps to re-
move foreign bodies, and long microsurgical instruments
should be available for biopsy and local excision of tu-
mors. Experience is required for operative procedures.

Sometimes observation vaginoscopy can be done as
an office procedure; however, operative vaginoscopy is
best done in an operating room with general anesthesia
by an expert pediatric anesthesiologist.

If there is an expectation of a malignant vaginal tu-
mor, then a frozen section is considered and cystoscopy
with biopsy may be done with the same anesthesia to
check for spread.

Abdominal and pelvic ultrasound are considered for
the suspicion of a neoplasm, large or rigid foreign body,
and congenital anomaly (therefore the kidneys require im-
aging). Rolled-up wads of toilet tissue and small vaginal
malignant neoplasms may not be able to be imaged. Ad-
renal enlargements may require computed tomographic

(CT) imaging. The addition of MRI may be helpful for
congenital anomalies and neoplasms.

X-rays are to be avoided if possible.
Clinical coagulation defect as a cause of vaginal

bleeding is unusual in children but is important in ado-
lescent menorrhagia. For suspicion of coagulation defect
consider: CBC, platelet count, prothrombin time, partial
thromboplastin time, bleeding time, and von Willebrand
tests. For more extensive testing consider platelet func-
tion, plasma coagulation factors, circulating anticoagulant,
fibrinogen, functional protein C and S, or hematology
consultation.

XIII. CONCLUSION

Vaginal bleeding is unusual in children. It creates great
anxiety in the child and her parents. The vast majority of
bleeding is caused by local, nonhormonal causes. Bleed-
ing requires prompt investigation to determine the site,
cause, and management.

The special concerns include precocious puberty, sex-
ual molestation, and malignancy.

If required for the diagnosis of blood coming from
the vagina from a site that cannot be visualized externally,
vaginoscopy under general anesthesia (if necessary) is ap-
propriate.
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I. INTRODUCTION

Skin, muscle, and the reproductive system are major target
sites of excess androgens in adolescent and young women.
Androgen excess symptoms in peripubertal and postpu-
bertal girls include hirsutism, acne, virilization or mas-
culinization, and menstrual disorder. Hirsutism is defined
as excess body hair growth in females, involving primar-
ily areas of the face, chin, neck, midline chest and ab-
domen, upper and lower back, buttocks, and inner aspects
of the thigh. In general, hirsutism by itself is a mild symp-
tom of androgen overproduction or enhanced androgen
metabolism/action in the skin tissue. Increased androgen
activity in the sebaceous and apocrine glands is likewise
associated with development of acne vulgaris. The andro-
gen activities of hair follicles and sebaceous glands of the
skin are not necessarily identical and vary greatly between
sites (1). This may explain the heterogeneous expression
of cutaneous hyperandrogenic symptoms, such as hirsut-
ism alone, acne alone, or hirsutism and acne together as
symptoms of androgen excess or enhanced androgen ac-
tivity in the skin tissue (2). The clinical expression of
androgen excess symptoms does not always correlate with
the degree of androgen production or circulating androgen
levels. This suggests that androgen metabolic activity in
the target tissue is in part governed by a local tissue mech-
anism

Hypertrichosis is characterized by generalized in-
creased fine body hair with no special preferential sites.
This condition is generally not associated with androgen
overproduction. Either genetic or ethnic influences on
body hair growth may be a contributing factor in hyper-
trichosis. In some cases, however, hypertrichosis may be
the early manifestation of mild androgen excess or is in-
duced by chronic ingestion of drugs that alter hair growth
directly or indirectly via the influence on the local or sys-
temic metabolism of certain androgens. Clinically, the

more severe androgen excess symptoms involve skin and
muscle, as well as the reproductive system, and are termed
virilization or masculinization. These include some or all
of the following symptoms of hyperandrogenism: clitoral
enlargement, masculine body habitus, temporal hair loss,
voice changes, breast atrophy, and menstrual disorders (3).
Virilization and masculinization are usually manifestations
of significant pathology causing androgen overproduction
in women.

Excess androgen-producing pathologies in young
women are a well-known cause of menstrual disorder.
However, many other disorders unrelated to hyperan-
drogenism cause menstrual disorders in young women.
This chapter elaborates the physiology of androgen me-
tabolism in women and disorders of androgen production
and action resulting in the manifestation of androgen ex-
cess symptoms in young women. In addition, a review of
the known causes of menstrual disorders unrelated to ex-
cess androgen disorders and their management in adoles-
cents and young women is summarized.

II. PHYSIOLOGY OF
ANDROGEN METABOLISM

A. Bioactivity of Androgens

Androgenicity is the term used to describe the bioactivity
of a steroid that produces masculine characteristics. The
bioactivity of androgens in a laboratory is measured by
either determining an exogenous steroidal effect of a
known quantity on the weight increase of the seminal ves-
icle or prostate of castrated male rats or mice, or by mea-
suring the growth of a cock’s comb (4). The androgenicity
determined by these methods provides its bioactivity only
in relation to one end point.
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Essentially all androgenic steroids are C-19 steroid
compounds and their biopotency is dependent on the pres-
ence of a 17-oxygen function of a 17-hydroxyl group in
its configuration (4). Naturally occurring C-19 compounds
that possess a 17-hydroxyl group are testosterone (T), 5�-
dihydrotestosterone (DHT), and 5�-androstanediol (Fig.
1). T and DHT are almost equally biopotent androgens,
based on the bioassay described above (5) (Table 1). The
bioaction of T and DHT results from the binding of the
androgen intracellularly to the androgen receptor protein,
which transfers the androgen to the nucleus where the
messenger RNA for the androgen becomes expressed. 5�-
Androstanediol is significantly less biopotent than T or
DHT due to lack of a 3-oxo group in its configuration. T
and DHT are the most important androgens, but other
clinically significant androgens are androstenedione
(�4-A) and dehydroepiandrosterone (DHEA) which are
17-oxo steroids. These steroids by themselves have con-
siderably reduced or smaller androgenic activity than T or
DHT due to the lack of a 17-oxygen function and/or 3-
oxo configuration (Table 1). These androgens in vivo are
required to be metabolized to T and DHT for its androgen
action. Nevertheless, these weak androgens are important
precursor steroids in androgen biosynthesis and bioaction.
Other C-19 steroids like 11�-hydroxy-androstenedione
and androstenediol are circulating in the plasma of
women. However these steroids are clinically insignificant
in androgenic activity due to their low concentration or
lack of bioactivity (6).

B. Androgen Metabolism in Normal Females

Both adrenal cortical and ovarian tissue possess �5 and
�4 steroidogenic pathways for androgen biosynthesis
(Fig. 1). Thus the adrenal cortex and ovaries are important
sources of androgens from an early peripubertal age. An-
drogens and other C-19 steroids are either directly se-
creted by the glands or they may arise by extra-adrenal/
extra-ovarian conversion of precursor steroids. The rate of
androgen production generally influences the circulating
levels of androgens.

1. Adrenal Androgen Secretion
A simplified schematic pathway for adrenal androgen bi-
osynthesis is shown in Figure 1. Cholesterol side chain
cleavage enzyme (P450 SCC) and steroidogenic acute
regulatory (StAR) protein are essential for the transfor-
mation and transfer of cholesterol to the intramitochon-
drial membrane, respectively, for the formation of preg-
nenolone. Pregnenolone and progesterone are metabolized
to androgens by 17-hydroxylation. The 17-side chain
cleavage of the 17�-hydroxypregnenolone (�5-17P) leads
to the formation of DHEA. DHEA will be converted to
�4-A by 3�-hydroxysteroid dehydrogenase/isomerase ac-
tivity or could be converted to DHEA-sulfate (DHEA-S)
by sulfakinase activity. The major androgens secreted by
the human adrenals are DHEA, DHEA-S, and �4-A. The

zona reticularis is very active in the 17-side chain cleav-
age of �5-17P or 17�-hydroxyprogesterone (17-OHP) to
form androgens. DHEA and DHEA-S are mainly the
products of zona reticularis while �4-A and T are secreted
by both zona reticularis and zona fasticulata (7–9). Under
normal circumstances, smaller quantities of T and even
smaller amounts of androstenediol are secreted by the ad-
renals (6). Secretion of all adrenal androgens increases
from midchildhood onward as the histological develop-
ment and hormonal biosynthesis of the zona reticularis
matures. These then reach a relative plateau toward the
completion of pubertal maturation (10) and remain stable
throughout young adulthood. At the fourth to sixth decade
of life, adrenal androgen secretion normally declines (ad-
renopause) without significant change in cortisol secre-
tion. This event is independent of menopause event (11).

Corticotropin (ACTH) is the major tropic hormone
for adrenal androgen biosynthesis and secretion (7). There
are, however, clinical situations in which disparity in ad-
renal androgen and cortisol secretory patterns suggests the
potential for an additional regulatory factor for adrenal
androgen synthesis (12, 13). Of several factors proposed
in the past as influencing androgen synthesis, prolactin
appears to play a role only in its excess state (14, 15)
while the role of insulin and insulin-like growth factor I
(IGF-I) in adrenal androgen biosynthesis is yet to be
proven. However, the role of gonadal sex steroid and
growth hormone has been disputed (16, 17). In addition,
no tangible evidence for a pituitary tropic factor other than
ACTH capable of stimulating adrenal androgen secretion
has been adequately demonstrated to date. Recent studies
have uncovered intimate contacts between adrenal cortical
nerve endings and adrenal steroid-producing cells (18, 19)
and interwoven adrenal cortical and medullary cells (18,
20). This suggests that these contacts may mediate para-
crine interactions (18). It is further suggested that adrenal
androgen secretion may be regulated through an intricate
network involving intra-adrenal neuroimmunoregulation
(18). Such regulations may involve cytokine-dependent
and cytokine-independent mechanisms as well as the so-
called cross talk between adrenal androgen-secreting cells
of the zona reticularis and the sympathetic adrenal system
and between the adrenal gland and the cellular component
of the immune system (18). Presently, however, no ap-
parent link or relationship has been demonstrated between
the concept of intra-adrenal neuroimmunoregulation and
the pathophysiology of the disorder of increased adrenal
androgen secretion. Likewise the role of a local cortico-
tropin-releasing hormone and ACTH system reported on
DHEA secretion in human adrenals needs further verifi-
cation at this time (21).

Under ACTH regulation, adrenal androgens are se-
creted synchronously with that of cortisol in both the ep-
isode of secretion and the circadian pattern (22, 23) (Fig.
2). DHEA and �5-17P concentrations are thus normally
higher in early morning and decline throughout the day
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Table 1 Androgen Biopotency, Sources of Androgens in Normal Females, and Plasma Concentrations of Bound and Free
Testosterone in Females and Males

Normal females DHEA DHEA-S �4-A T DHT 5�-Andro Andro Etio

Biopotency in a
bioassay

In relation to T (%) 10% — 20% 100% 	100% 60% 10% 0%

Daily secretion rate
(mg/day)

0.8–8 5–7.7 3–3.8 0.35–0.5 — — — —

Adrenal secretion
(%)

90% >99% 40–66% 50–60% — — — —

Ovarian secretion
(%)

10% <1% 34–60% 34–50% — — — —

Blood production
rate

Secretion � metabolism
(mg/day)

6–16 8–16 3.3–3.4 0.23–0.34 — — — —

Contribution to
plasma
concentration

Adrenals (%)
Ovaries (%)
Peripheral (%)

67%
8%

25%

90%
0%
10%

30–60%
30–56%
<0.1%

20–26%
14–20%

60%

—
—
—

—
—
—

—
—
—

—
—
—

Representative total
plasma T
concentration

Female (ng/dl)
Male (ng/dl)

49
810

SHBG-bound T Female: ng/dl (%)
Male: ng/dl (%)

39 (80%)
486 (60%)

Albumin-bound T Female: ng/dl (%)
Male: ng/dl (%)

9.3 (19%)
307 (38%)

Free T
concentration

Female: ng/dl (%)
Male: ng/dl (%)

0.7 (1%)
22 (2%)

DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone-sulfate; �4-A, androstenedione; T, testosterone; DHT, dihydrotestosterone;
5�-Andro, androstanediol; Andro, androsterone; Etio, etiocholanone.
Source: data derived from Refs. 5, 25–31, 35, 47.

(23). 17-OHP and �4-A concentrations in normal women
also tend to be higher in the morning hours than thereafter
because of the adrenal contribution (23). However, the
circadian difference in 17-OHP levels is lessened during
the luteal phase of the menstrual cycle when ovarian 17-
OHP production is increased. DHEA-S, on the other hand,
shows very little circadian or episodic variation in plasma
concentration due to the slow rate of clearance of the sul-
fate (23, 24). Its plasma concentration is 300–400 times
greater than that of unconjugated DHEA due to high se-
cretion by the adrenals and low clearance of this conjugate
(23). DHEA, DHEA-S, and �4-A are further metabolized
to etiocholanolone and androsterone. 11�-OH andro-
stenedione and a small amount of cortisol are metabolized
to 11-oxy, 17-oxy steroids. These metabolites of C-19
steroids are generally excreted in the urine as 17-ketoste-
roids (17-oxo-steroids).

The adrenal contribution of androgens in relation to
overall androgen production and circulating concentration
in women is depicted in Table 1 (25–31). Circulating
DHEA and DHEA-S are directly from the adrenal secre-
tion contribution. The adrenals and ovaries from puberty
onward secrete approximately equal amounts of �4-A. The
androgens secreted by the adrenal cortex and ovaries un-
dergo peripheral metabolism and contribute to the blood

production rate of androgens. Under normal circum-
stances, peripheral contribution to the blood production of
DHEA, DHEA-S, and �4-A is small. The major source of
T blood production in women is via peripheral conversion
of �4-A (27, 28) (Table 1). The blood production rate of
�4-A is 10–15 times that of T and the rate of fraction of
the blood �4-A pool conversion to the blood T pool is
5.6% (27, 28). Therefore, approximately 60% of circulat-
ing T production is derived from the circulating �4-A.
Consequently, the conditions associated with increased
�4-A production would simultaneously increase the blood
production of T (Table 1).

2. Ovarian Androgen Secretion
The principal sites of steroid synthesis in ovarian tissue
are theca cells, the granulosa cells of the follicle, and the
corpus luteum. The pathway involving �5 and �4 steroid
biosynthesis process in the ovarian cells is similar to that
described for the adrenal cortex (Fig. 1). Ovarian andro-
gen synthesis occurs mainly in the theca cells, stroma
cells, and the corpus luteum under LH stimulation (32–
34). The ovary further aromatizes the androgens to estro-
gen in the granulosa cell layers through FSH stimulation.
The granulosa cells regulated by FSH and estrogen thus
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Figure 2 Representative circadian patterns of adrenal and gonadal steroids in normal women. �5-17P, 17 hydroxypregneno-
lone; �4-A, androstenedione; F, cortisol; T, testosterone; 17-OHP, 17�-hydroxyprogesterone. (Modified from Pang S et al. J
Clin Endocrinol Metab 1985; 60:434. Reproduced with permission from the Endocrine Society, Bethesda, MD.)

largely produce estrogens. Progesterone is secreted largely
from the granulosa cells of the late follicular and midcycle
phase and by the corpus luteum derived from granulosa
cells (32, 33).

The major androgens secreted by the ovaries are �4-
A and T (Table 1). The amount of androgen secreted by
the ovary is far greater than the amount of estrogens pro-
duced. The ovarian source of androgen also increases
gradually with the onset of gonadarche. Following me-
narche, ovarian androgen secretion appears to alter
throughout the cycle. The secretion of T and �4-A into
the ovarian vein is at its highest when estrogens are being

maximally secreted. The effect of variable production of
androgen by the ovary on the contribution in plasma is to
some extent masked by the adrenal source of androgens
and by interconversion that occurs after secretion (35).
Peripheral concentration of �4-A and T levels was higher
at midcycle due to the ovarian contribution (36, 37), al-
though others reported higher �4-A and T levels in the
luteal phase of normal women (38). Our recent study of
steroid concentration throughout the cycle of normally
menstruating women, however, revealed no statistically
significant changes of most androgens throughout the cy-
cle (39). The ovarian contribution of androgens to the
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overall blood production rate and circulating androgen
concentration in plasma pool is shown in Table 1. In gen-
eral, the amount of ovarian �4-A and T secretion is similar
to that of adrenal secretion, thereby contributing equally
in the blood production and concentration of these andro-
gens. In the periovulatory phase, 65% of blood production
rate of �4-A is contributed by the increased secretion of
the ovarian source of �4-A (6). The ovaries contribute
very little to DHEA production and none to DHEA-S.
With menopause, ovarian �4-A production declines (40)
and aging probably diminishes overall androgen secretion
by the ovary (6).

Recent in vitro and in vivo studies indicate insulin
action on ovarian steroidogenesis (41, 42). Insulin inter-
acts with gonadotropin in an additive or synergistic man-
ner in both normal and polycystic ovaries (41, 42). Insulin
action in the ovaries is mediated by the insulin receptor
and not by cross-reaction with the type 1 IGF receptor
(41). The mechanism of intraovarian insulin signaling is
unknown. Insulin in excess amounts may also enhance LH
secretion in addition to modulating LH effect on ovarian
androgen synthesis or may potentiate 17�-hydroxylase
and 17,20 lyase activity in ovarian steroidogenesis (41,
42). The interaction of excess insulin with LH appears to
contribute to premature arrest of follicle growth and also
in amplifying thecal cell androgen production (41). Thus,
normal ovarian steroidogenesis would require appropriate
regulation and interaction between the pituitary tropic fac-
tor(s) and systemic metabolic factor(s) at the intra-ovarian
cellular level(s) for the appropriate signaling of normal
ovarian steroidogenesis.

C. Bioactive Androgens in Blood

The circulating sex steroid hormones are in part present
in a protein-bound form and in part in a free form un-
bound to protein (Table 1). The specific binding protein
with a high affinity for sex steroids, (e.g., testosterone/
estradiol) are called sex hormone-binding globulin
(SHBG). The biologically active T includes both the free
and albumin-bound fractions while SHBG-bound andro-
gens are not readily available for bioaction (43). Approx-
imately 1% of the circulating T and DHT in normal fe-
males is unbound (Table 1) (44). This unbound T freely
diffuses into the target cells to bind to the androgen re-
ceptor. At puberty SHBG concentration falls slightly in
girls while a greater drop in concentration is noted in boys
(35). SHBG concentration is decreased by the androgens
and in obesity, and is increased by estrogen (45). Estro-
gen, by its action of increasing the concentration of
SHBG, decreases biologically active free fractions of an-
drogens (35). Thus a hyperandrogenic state further causes
availability of the free bioactive form of T. The increased
availability of free T or DHT to the target cells by the
decrease in SHBG in the presence of normal circulating
total T levels may be a pathogenic mechanism of hirsut-

ism in women (46). The binding of DHEA and �4-A to
SHBG in circulation is negligible (47).

III. PHYSIOLOGY OF HAIR GROWTH,
PROPOSED INTRADERMAL
IMMUNOREGULATION, AND SKIN
ANDROGEN METABOLISM

Hair growth on the face, neck, trunk, extremities, and pu-
bic and axillary region are androgen dependent. Androgen
stimulation in these androgen-dependent areas promotes
terminal hair growth, which is thick, long, and dark. The
hair follicle undergoes lifelong transformations between
telogen (resting), anagen (growth), and catagen (apopto-
sis-driven regression) (48, 49), which are distinct yet tran-
sitional periods (Fig. 3). During anagen, formation of the
hair by proliferation and pigmentation of cells occurs from
an epidermal matrix of the hair bulb. The catagen stage
begins at the termination of anagen, followed by telogen
(48). However, substantial metabolic and proliferative ac-
tivity is noted during telogen, indicating that telogen is
not a mere resting stage (49). Generally, in males the du-
ration of anagen for the moustache is 4 months, and for
thigh hair it is 2 months. In females, the duration of an-
agen for thigh hair is less than 1 month (50). The length
of the hair is influenced by the length of the anagen phase,
which is by comparison more important than the rate of
hair growth. The longer thigh hair in men is thus attrib-
uted to the longer anagen period. The telogen phase of
facial hair is 2–3 months. The growth cycle of the mous-
tache is therefore 6–7 months or more at the very least,
and more than 3 months for thigh hair (51). Duration of
the hair cycle differs, therefore, depending on location.

Hair follicle development or cycling is controlled by
an intrafollicular so-called hair cycle clock of an as yet
unknown nature (49), which can be altered by systemic
or metabolic (hormones), immunological (cytokines), and
nerve-derived (neuropeptides/neurotransmitters) factors in
vivo (18, 49). The hair follicles contain stem cells in the
bulge or bulb area that migrate to the hair matrix for di-
vision and differentiation, which are controlled by a fam-
ily of cytokines, produced from the dermal papilla cells
(52). Androgen-dependent hairs have androgen receptors
in the dermal papilla cells and some cells of the inner and
center sheaths of the hair follicle (52).

Androgens influence the synthesis and release of cy-
tokines from the dermal papilla cells and control hair
growth (52). They also most likely prolong the growth of
hair by lengthening the duration of anagen, as evidenced
by reduction of the length of hair by antiandrogen treat-
ment in hirsute women (53). Androgen-dependent hair
growth is influenced not only by the amount of androgen
delivered to the target cells but also by the target cell
response to the androgen. In some instances, peripheral
target cell response may even be more important in the
manifestation of androgen excess symptoms, since no cor-



Hirsutism, POS, Menstrual Disorders 283

Fi
gu

re
3

H
um

an
ha

ir
cy

cl
e.

(F
ro

m
E

bl
in

g
F

JG
.

C
li

ni
cs

in
E

nd
oc

ri
no

lo
gy

an
d

M
et

ab
ol

is
m

19
86

:3
19

.
R

ep
ro

du
ce

d
w

it
h

pe
rm

is
si

on
of

W
B

S
au

nd
er

s
C

om
pa

ny
,

P
hi

la
de

lp
hi

a,
PA

.)



284 Pang

Figure 4 Conversion of androgens in skin tissue. DHT-R, DHT and its receptor complex; AND, androsterone; 5� AND, 5�-
androstenedione; �5-ANDIOL, �5 androstenediol; 3�-Adiol, 3�,5�-androstanediol; GLUC, glucuronide; 3�-HSD, 3�-hy-
droxysteroid dehydrogenase/�5 → 4-isomerase; 17-KSR, 17-ketosteroid reductase; 5�-r, 5�-reductase. (From Pang S et al. J Clin
Endocrinol Metab 1992; 72:243. Reproduced with permission from The Endocrine Society, Bethesda, MD.)

relation has been found between the rate of hair growth
and circulating total, protein bound, or free T (54).

Androgen bioaction at the cellular level involves the
uptake of pre- or active hormone and conversion to DHT,
which binds to a specific receptor protein, and then trans-
fers to the nucleus (55) (Fig. 4). All skin structures, in-
cluding epidermis, sweat and sebaceous glands, hair fol-
licles, and dermis possess 5�-reductase activity and
3�-hydroxysteroid dehydrogenase-�5 → 4 isomerase and
17�-, 3�- and 3�-hydroxysteroid dehydrogenase activities
(56) (Fig. 4). Immunolocalization study in normal skin
and acne skin revealed the predominance of type I 5�-
reductase isoenzyme in the sebaceous gland and type 2
5�-reductase in the companion layer of the hair follicle
and granular layer of epidermis (57). Human skin thus
has the capacity not only to convert T to DHT but also
to convert the precursor weak androgens DHEA to �5-
androstenediol or to �4-A, which in turn is converted to
T and eventually to DHT. DHT is then further reduced to
3�-androstanediol (3�-Adiol) and its glucuronide (gluc)
(Fig. 4). The measurement of circulating concentrations
of DHT does not reflect the metabolic activities of andro-
gens in peripheral tissue. Only a fraction of this periph-
erally formed androgen escapes into circulation: most of
it is further metabolized in situ (58, 59) (Fig. 4).

Glucuronidation is one of the effective disposal
mechanisms in skin tissue (60, 61). 3�-Adiol and its gluc
have been reported to be a good marker of peripheral skin
androgen activity. Circulating concentrations of serum 3�-
adiol and its gluc were reported to be increased in hirsute
women (62–64). Studies from our laboratory indicate that
serum 3�-Adiol gluc levels were significantly correlated
with the degree of hirsutism in women with excess ad-

renal androgen production and idiopathic causes, but not
in women with excess ovarian androgen production (65).
No correlation was found, however, between precursor or
circulating androgen levels and the hirsutism scores (65).
In addition, 3�-adiol gluc levels in hirsute females cor-
related significantly with circulating DS and DHEA levels
(65), suggesting that in women 3�-adiol gluc is a marker
of metabolic activity of largely weak adrenal androgens
in the skin tissue.

IV. PATHOPHYSIOLOGY AND CAUSES OF
HIRSUTISM AND POLYCYSTIC
OVARY SYNDROME

The pathogenesis of hirsutism and other related increased
androgen symptoms in the female can be classified as fol-
lows: (a) increased glandular secretion of androgens or
exogenous androgen administration; (b) increased extra-
glandular production of active androgens via increased pe-
ripheral conversion of precursor steroids; (c) increased
availability of circulating bioactive androgens; and (d)
increased sensitivity of target cells to androgen in the
androgen-dependent skin tissue. One or more of these
pathogenic mechanisms may play a role in hirsutism. Ap-
proximately 5–8% of the female population is reported to
demonstrate hirsutism (66).

Hirsutism associated with virilism and menstrual dis-
order is caused by a pathology of unequivocal excess ad-
renal and/or ovarian androgen production. Hirsutism and
menstrual disorder alone may result from moderately in-
creased androgen production. Hirsutism and acne, alone
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Table 2 Causes of Excess Androgen Symptoms in Peripubertal and Postpubertal Females

Adrenals Ovarian Others

Nonclassic mild inherited defect in
cortisol biosynthesis:

21-hydroxylase deficiency
11�-hydroxylase deficiency
3�-hydroxysteroid dehydrogenase

deficiency

Increased adrenal androgen secretion of
undefined cause (dysregulation/
functional adrenal
hyperandrogenism)

Cushing’s syndrome/disease

Androgen-producing adrenal tumors
(adenoma/carcinoma)

Hyperprolactinemia

Glucocorticoid receptor gene mutation

11�-hydroxysteroid dehydrogenase 1
deficiency (cortisone reductase
deficiency)

Polycystic ovary syndrome
with insulin resistance
without insulin resistance

Genetic causes of insulin resistance
syndrome

Stromal hyperthecosis

Secondary polycystic ovaries
excess adrenal or exogenous androgens
hyperprolactinemia
inherited defect in ovarian

steroidogenesis

Androgen-producing ovarian tumors
lipoma
luteoma
hilar cell tumor
stroma tumor
stromal-Leydig cell tumor

Hilar cell hyperplasia

Inherited defects in ovarian
steroidogenesis

17�-hydroxysteroid dehydrogenase
deficiency

aromatase deficiency
Type II 3�-HSD deficiency

�-Estrogen receptor defect (?)

Idiopathic hirsutism (normal androgen
production)

Hypothyroidism

Ingestion of nonsteroidal drugs
diazoxide
minoxidil
phenytoin

Ingestion/injection of androgen/anabolic
substance

or together, coupled with normal menses are generally
caused by mildly increased androgen production or nor-
mal androgen secretion, in association with mechanisms
(b), (c), or (d) described above (67–71).

The most easily clinically identified excess androgen-
producing pathologies are those associated with classic
manifestations of excess glucocorticoid hormone produc-
tion (Cushing disease/Cushing syndrome) and those pre-
senting with sudden onset and rapidly advancing androgen
excess symptoms caused by adrenal or ovarian androgen
producing tumors (Table 2; Fig. 5). These diseases, al-
though rare, usually cause virilization and amenorrhea.
The majority of hirsute women, however, present with
either peripubertal or postpubertal onset of increased hair
growth or acne, with or without menstrual dysfunction,
and with no obvious clinical cause for increased androgen
symptoms. The causes of clinically indistinguishable hir-
sutism are many, including those conditions associated
with mild to moderately increased adrenal and/or ovarian

sources of androgens (23, 39, 65, 72–76), as well as other
conditions associated with apparently normal androgen
levels (Table 2). Recent studies of hirsutism have further
defined several specific causes of adrenal and ovarian an-
drogen excess production in women (Table 2).

A. Adrenal Causes of Excess
Androgen Production

1. Mild Form of Congenital
Adrenal Hyperplasia

a. 21-Hydroxylase Deficiency. A partial or mild
adrenal 21-hydroxylase deficiency is a well-defined cause
of excess adrenal androgen secretion resulting in peripu-
bertal or postpubertal onset of hirsutism and acne, with or
without menstrual dysfunction (23, 39, 77–85). This en-
tity has been termed late-onset, attenuated, or sympto-
matic form of nonclassic congenital adrenal hyperplasia
and has been studied in great detail over the two past
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decades (77–98). The mild form of 21-hydroxylase defi-
ciency frequently manifests excess androgen symptoms
well before puberty, causing premature pubarche, acne,
oily hair, and accelerated skeletal maturation in childhood
(77, 80, 83, 99), and is proven to be a progressive disorder
(83). In girls over age 10 years with mild 21-hydroxylase
deficiency, hirsutism and menstrual irregularity were man-
ifested in 50–55% (77, 83), while virilism and infertility
were present in 13% (77, 83). A mildly deleterious mis-
sense mutation or a point mutation in the promoter region
in one or both alleles of CYP21 gene resulting in a com-
pound heterozygous or homozygous mutation is the basis
of the mild phenotype of 21-hydroxylase deficiency (77,
84, 91–96). The V280L allele is in genetic linkage dis-
equilibrium with HLA B14 in Ashkenazi Jews (86–88).
A high frequency of this disorder in individuals of mainly
eastern European descent (Ashkenazi Jews) has been re-
ported (87, 88). In hirsute females, varying frequencies
(0–16%) of this disorder have been reported (23, 39, 77,
82, 85, 97–104). The ethnic and racial background of
hirsute females is the likely factor determining the varying
incidence rate. In self-referred hirsute females however,
the incidence of mild 21-hydroxylase deficiency was low
(1–2%) (39, 77, 100, 105).

Characteristic hormonal abnormalities for the mild
form of 21-hydroxylase deficiency in women are elevated
circulating 17-hydroxyprogesterone (17-OHP), and �4-A.
Testosterone levels are also generally mild to moderately
elevated. These adrenal sources of hormonal abnormalities
can be more accurately detected by early morning blood
sampling due to their circadian variations. Confirmative
diagnosis of this condition is, however, made by evalu-
ating the adrenal steroid response to exogenous ACTH
stimulation regardless of time of day (23, 39, 77, 80, 97–
103). Representative 17-OHP and androgen levels in nor-
mal and 21-hydroxylase deficient hirsute females are
shown in Table 5 (39, 65). 17-OHP response to ACTH
stimulation in these women was three standard deviations
above the mean 17-OHP response of known carriers for
21-hydroxylase deficiency (23, 65, 80). All other steroid
responses, including C-19 steroid levels in response to
ACTH stimulation in these women, overlapped with the
steroid response of hirsute women with other causes (23,
39, 65, 80). The unequivocally increased 17-OHP levels
with or without ACTH stimulation, together with prompt
suppression by exogenous glucocorticoid hormone admin-
istration, confirm the diagnosis of mild form of 21-hy-
droxylase deficiency for patients of all ages (77).

b. 11�-Hydroxylase Deficiency. Late-onset 11�-
hydroxylase deficiency in women with hirsutism has also
been reported (78). In the author’s study of over 300 hir-
sute patients from two different populations, partial 11�-
hydroxylase deficiency was not found. Thus, this disorder
is an extremely rare cause of hirsutism in women.

c. 3�-Hydroxysteroid Dehydrogenase Deficiency.
Early studies reported salt-losing symptoms in early life

as the presenting signs of 3�-hydroxysteroid dehydrogen-
ase deficiency (3�-HSD def.) (106). However, the diag-
nosis of the non-salt-losing form of 3�-HSD deficiency
may be delayed until later in life when either premature
pubic hair growth occurs during childhood or hirsutism
occurs during puberty as a symptom of 3�-HSD defi-
ciency (106–109). A partial adrenal 3�-HSD deficiency
was first described in a woman with pubertal onset of
hirsutism and sclerotic ovaries two decades ago (110).
Thus partial genetic 3�-HSD deficiency is a cause of pu-
bertal or postpubertal hirsutism and menstrual irregulari-
ties in women (108, 109). In the past decade, mild late
onset 3�-HSD deficiency was suspected in children with
premature pubarche and in women with hirsutism if their
ACTH stimulated �5 precursor steroids �5-17P and
DHEA levels and �5 precursor to �4 product steroid ratios
were greater than 2 SD above the age and pubertal stage-
matched normal subject’s mean value (23, 98, 101, 103,
104, 111, 112). However, our recent genotype and pheno-
type studies indicate that the published hormonal cri-
teria are not accurate for diagnosing mild inherited 3�-
HSD deficiency (77, 113–116). Molecular analysis of the
type II 3�-HSD gene in many patients with �5-precursor
steroids and �5 precursor to �4 product steroid ratios
greater than 2 SD above normal mean value revealed no
mutation in the type II 3�-HSD gene (113–115). Thus, a
genuine mild late-onset 3�-HSD deficiency would express
greater precursor hormonal abnormalities (113–115) than
the past published hormonal abnormalities in both hirsute
females and children with premature pubarche (23, 98,
101, 103, 104, 111, 112). The hormonal criteria for mild
late-onset 3�-HSD deficiency (113–115) are nearly anal-
ogous to those of mild late-onset 21-hydroxylase defi-
ciency (i.e., precursor steroid response 21 SD above the
genotype-normal population mean) (117–119). It is also
apparent that only the values of ACTH-stimulated �5-17P
levels and �5-17P to cortisol (F) ratio unequivocally dif-
ferentiate those with type II genotype-proven 3�-HSD de-
ficiency from genotype-normal patients. DHEA or other
hormonal ratios did not consistently differentiate the
genotype-proven patients from the genotype-normal pa-
tients (113–115). It is now apparent that true mild late-
onset 3�-HSD deficiency resulting from the type II 3�-
HSD gene mutation is a rare disorder in hirsute females.

2. Type II 3�-HSD Genotype-Normal Mild
Defect in Adrenal 3�-HSD Activity

The cause of mildly increased �5 precursor steroid levels
and �5 precursor to �4 product steroid ratios (as high as
12 SD above the normal mean) in hirsute females is un-
known, but the hormonal abnormalities suggest mildly de-
creased activity of adrenal 3�-HSD. These hirsute women
have clearly increased adrenal androgen secretion and
rates of menstrual disorder as high as women with classic
polycystic ovary syndrome (PCOS) (39). In addition, in
the genotype-normal hirsute females with this mildly de-
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creased adrenal 3�-HSD activity of unknown cause, clin-
ical and/or hormonal findings of PCOS are present (23,
39, 112). The mildly decreased adrenal 3�-HSD activity
of unknown cause without the type II 3�-HSD gene mu-
tation is more prevalent than true 3�-HSD deficiency in
hirsute females. A recent investigation by the author into
the pathogenesis of this disorder strongly suggests that it
may be a nonclassic form of PCOS associated with insulin
resistance (pediatric research, programs, and abstracts, p
117A, 2002). Further studies will elucidate the nature of
this type II 3�-HSD genotype-normal mild defect in ad-
renal 3�-HSD activity.

3. Increased Adrenal Androgen Producing
Condition of Undefined Cause (Idiopathic or
Functional Adrenal Hyperandrogenism;
Dysregulation of Adrenal
Androgen Secretion)

In a study of over 125 hirsute females, 11 patients dem-
onstrated only elevated baseline or ACTH stimulated lev-
els of DHEA and or DHEA-S without other hormonal
abnormalities (39, 65). A specific cause for increased ad-
renal androgen secretion was not found in these patients
since they did not meet the criteria of any enzyme defi-
ciency or decreased enzyme activity, and had no hormonal
or radiological evidence of adrenal hyperplasia or adrenal
tumor (39, 65). This isolated increased adrenal androgen-
producing condition has also been labeled as functional
adrenal hyperandrogenism (120, 121). The cause of this
increased adrenal androgen secretion is not known. A lon-
gitudinal study of hirsute adolescent girls with a childhood
history of premature pubarche reports that one-third of the
premature pubarche cohort had evidence of increased ad-
renal DHEA and androstenedione secretion (121). This
was associated with a history of low birth weight, sug-
gesting the possibility of an endocrine sequence of pre-
natal onset (121). Adrenal androgen hyperresponsiveness
was proposed to be due to dysgeneration of intra-adrenal
modulation in androgen secretion (120). Isolated in-
creased adrenal androgen secretion is not a common cause
of hirsutism (	10–12%), but was the most common ad-
renal cause of hirsutism and was present in a small num-
ber of females of all ethnic and racial backgrounds (39).
The frequency of menstrual abnormality was lower in this
hyperandrogenism than PCOS or genotype-normal defect
in 3�-HSD activity (39). The excess adrenal androgen se-
cretion in these females is easily suppressed by a small
amount of exogenous glucocorticoid administration (39).
However, no long-term data are available to determine
whether low-dosage glucocorticoid therapy is efficacious
in improving hirsutism in these females.

In some females with adrenal hyperandrogenism,
concurrent ovarian hyperandrogenism is also manifested
(39, 121). Whether the pathogenic mechanisms of both
adrenal and ovarian involvement coexists in these hirsute
females or whether one condition results in the other re-
mains unknown.

4. Cushing Disease or Syndrome
Inappropriate adrenocorticotropic hormone (ACTH) se-
cretion by a pituitary tumor or by a disturbed corticotro-
pin-releasing hormone (CRH)–ACTH axis in the CNS
(Cushing disease) and ectopic ACTH secretion by the ma-
lignant tumor often result in excess adrenal glucocorticoid
and androgen secretion simultaneously. Autonomously
functioning adrenal cortical tumor (adenoma and carci-
noma) may also secrete increased amounts of cortisol and
androgen (Cushing syndrome). Thus, the patients with
Cushing disease or syndrome would manifest symptoms
not only of glucocorticoid excess but also hirsutism or
virilism. These conditions are rare causes of hirsutism and
are usually clinically more easily recognizable due to the
presence of Cushingoid features and muscle-wasting
signs. Biochemically abnormal cortisol and/or ACTH dy-
namics is apparent in these disorders. Classic hormonal
abnormalities are nonsuppressed or partially suppressible
excess cortisol, DHEA, and DHEA-S levels by dexameth-
asone administration. Radiological studies are also an es-
sential part of the differential diagnosis of Cushing disease
and/or syndrome (Fig. 5). A recent study in 13 females
with Cushing disease/syndrome revealed that 70% had
menstrual disorders including oligomenorrhea, amenor-
rhea, and polymenorrhea, while 30% had a normal cycle
pattern (122). About one half of the patients had ovarian
morphology suggestive of PCO and the patients with
higher cortisol secretion had hypogonadotropic hypogo-
nadism (122).

5. Adrenal Androgen-Producing Tumor
An androgen-producing tumor of the adrenal could be ad-
enoma or carcinoma. However rare, it is a cause of vir-
ilism. Generally the supraphysiological amount of andro-
gen secreted by these tumors characteristically causes
extremely elevated circulating DHEA and DHEA-S lev-
els. Other androgens such as �4-A and T or progestin ste-
roid levels may also be elevated by either direct secretion
or by peripheral conversion of DHEA and DHEA-S for
elevated �4-A level. Some androgen-producing tumors
may also have the capacity to secrete cortisol but the pa-
tient may not present with Cushingoid features. Clinically
these diseases are manifested in sudden onset; hormonal
symptoms are rapidly progressive. In carcinomas, the me-
tastasis to liver or ovarian tissue may occur, and metastatic
tissue often secretes steroids inappropriately. Radiological
and hormonal evaluations are essential for the diagnosis;
tumor tissue should be removed as soon as possible (123).
In rare cases, androgen-producing adrenal adenoma has
also been reported in patients with poorly controlled or
untreated congenital adrenal hyperplasia (124, 125).

6. Hyperprolactinemia
Elevated adrenal androgen levels (DHEA and DHEA-S)
have been found in some hirsute women with high pro-
lactin levels (14, 15, 126) and normal metabolic clearance
rate of these steroids (127). Increased plasma �4-A and
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cortisol response to ACTH stimulation and low SHBG in
hirsute and hyperprolactinemic patients were also de-
scribed (128). Controversial data have been reported on
the effect of dopamine agonist in lowering serum andro-
gen levels with reduction in serum prolactin levels (14,
129). Recent data suggest a modulation of adrenal andro-
gen production by prolactin based on the observation of
dopamine agonist reducing both serum prolactin and an-
drogen levels as well as improving acne and hirsutism
(14). Enhanced androgen effect at the target tissue by per-
missive action of prolactin was also described (130). The
associated findings of PCOS in some hyperprolactinemic
women suggest an additional cause of hirsutism in the
hyperprolactinemic state (131).

7. Glucocorticoid Receptor Gene Mutation
The clinical features of cortisol resistance include fatigue,
mild hirsutism, oligomenorrhea, infertility, obesity, hy-
pokalemic hypertension, and precocious puberty (132,
133). Hirsutism is reported as the most common symptom
of this disorder (133). Glucocorticoid resistance syndrome
is characterized by decreased sensitivity to cortisol sig-
naling, increased cortisol secretion, absence of clinical
features of Cushing syndrome, and poor suppression of
adrenal steroids. Resistance of adrenal steroids, including
cortisol level, is decreased with dexamethasone adminis-
tration (133). This genetic disorder results from a delete-
rious mutation in the human glucocorticoid receptor gene.
It is an extremely rare cause of hirsutism (134) and men-
strual disorders in women, but should be suspected in pa-
tients with elevated cortisol levels without the clinical fea-
tures of Cushing syndrome. The cause of hirsutism is
related to increased adrenal androgen secretion due to in-
creased pituitary ACTH secretion, which is due to cortisol
resistance.

8. Cortisone Reductase (11�-Hydroxysteroid
Dehydrogenase Type 1) Deficiency

This enzyme deficiency is a rare cause of hirsutism with-
out virilization and may be associated with infertility
(135, 136). This enzyme catalyzes the reduction of cor-
tisone to cortisol, and its deficiency impairs the metabo-
lism of cortisone to cortisol. The exact mechanism of hir-
sutism is unknown but may be related to increased adrenal
androgen secretion in view of enlarged adrenal size on CT
scan in a patient with apparent cortisone reductase defi-
ciency (136).

B. Ovarian Causes of Excess
Androgen Production

1. Polycystic Ovary Syndrome

a. Definition. Polycystic ovary syndrome (PCOS)
is defined clinically by the presentation of hyperan-
drogenism (clinical and/or biochemical) and chronic an-
ovulation (regular or irregular anovulatory cycle, amen-
orrhea, oligomenorrhea, polymenorrhea, or infertility).

Hyperandrogenic symptoms include hirsutism, acne and/
or virilism, and menstrual disorders. The hyperandrogenic
symptom of PCOS is generally associated with excess an-
drogen production of ovarian or extraovarian source
(137–139) and is associated with or without obesity, in-
sulin resistance, or the radiological images of ovaries
compatible with PCOS. The morphological changes of
ovaries include bilaterally and symmetrically enlarged
ovoid ovaries classically, but the ovary may be unilater-
ally enlarged or normal shaped (140). Characteristic mor-
phological findings of PCOS (140) are an oyster-gray
color and smooth glistening surface surrounding a thick-
ened capsule in association with numerous 2–15 mm sub-
capsular cysts and many ovarian atretic follicles. These
findings were initially described as Stein-Leventhal syn-
drome.

b. Prevalence. Estimated prevalence of PCOS is
variable from 2 to 20% in the general population (141).
Recent studies described a prevalence of 3.4% in Afri-
can–Americans, 4.7% in white women aged 18–45 years
from a southeastern US region (141), and 6.5% in a white
Spanish population (142). A prevalence of PCOS in
women seeking electrolysis therapy was conservatively
put at 12% (143). A prevalence of PCOS in mothers and
sisters of patients with PCOS was 24% and 32%, respec-
tively (144). These data suggest the involvement of a ma-
jor genetic component for PCOS (144). PCOS is one of
the major causes of hirsutism in almost all ethnic popu-
lations (39). In New Zealand, white females and Maori
females had more hirsutism than other ethnic PCOS fe-
males, while white females had less complaint of infertil-
ity and Pacific islanders had little or no acne (145). This
suggests the influence of ethnic and racial factors on the
expression of the hyperandrogenic symptoms of PCOS.

c. Pathophysiology and Causative Factors.
Multifactor considerations related to the pathophysiology
and causes of PCOS are depicted in Tables 2 and 3. The
proposed causative factors of PCOS include defect(s) in
the insulin-signaling pathway (146–148) or glucose trans-
porter (149); defect(s) in the metabolic/hormonal regula-
tory system on body weight control (150); defect(s) in the
regulation of steroidogenic biosynthesis (151, 152); or de-
fect(s) in the regulation of gonadotropin secretion (153),
as well as secondary adverse effects on one or more of
these systems via extraovarian or intraovarian sources of
excess androgens or an exogenous source of excess in-
sulin (154) (Table 3). Thus PCOS may be a family of
complex genetic and environmental diseases influenced by
genetic heterogeneity, fat and carbohydrate consumption,
physical exercise level, peripubertal stress, and/or hor-
monal exposure (155, 156). Of several proposed factors,
the peripheral insulin resistance of unknown mechanism
with or without obesity, known heritable insulin resistance
syndrome, and exogenous insulin treatment for type 1 di-
abetes mellitus associated with PCOS suggest that hyper-
insulinemia is a causative factor related to PCOS mani-
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Table 3 Proven or Proposed Pathogenic Causes of Polycystic Ovary Syndrome

Metabolic defect Other factor Ovarian Adrenal

Hyperinsulinemia
Peripheral insulin resistance

Obesity
Secondary to post-insulin

receptor binding defects
Secondary to decreased

content of adipocyte
GLUT-4 glucose
transporters

Insulin receptor gene mutation
Leprechaunism
Type A syndrome
Rabson-Mendenhall

syndrome

Kahn type B insulin resistance
secondary to circulating
antibodies for insulin
receptor

Supraphysiological doses of
insulin replacement in type
1 diabetes mellitus

Dysregulation of gonadotropin
secretion

Dopamine deficiency
Psychological stress
Other defect in gonadotropin

regulation
Increased free estrogen

causing increased LH

Other hereditary factor (?)

Dysregulation of weight control

Obesity causing a decrease in
SHBG/increase in free
androgen/estrogen

Exogenous androgens

Dysregulation of ovarian
steroidogenesis

Genetic defect in ovarian E2

synthesis
Aromatase deficiency
17�-hydroxysteroid

dehydrogenase
deficiency

Type II 3�-HSD
deficiency

Androgen-producing ovarian
tumor

Dysregulation of adrenal
steroidogenesis

Detrimental effect of excess
adrenal androgens

Classic and nonclassic CAH
21-hydroxylase deficiency
Type II 3�-HSD deficiency
11�-hydroxylase deficiency

Cushing’s syndrome/disease

Androgen-producing adrenal
tumor

festation. This is further elaborated in the discussion of
primary PCOS below.

In excess adrenal androgen-producing conditions,
such as 21-hydroxylase deficiency, 11�-hydroxylase de-
ficiency, adrenal androgen-producing tumor, Cushing’s
disease or syndrome, or with exogenous administration of
androgen, the proposed pathogenic mechanism for PCOS
is either a direct adverse effect of androgen on the ovarian
estrogen synthesis or altering gonadotropin secretion by
increased free androgens or estrogens (157–162).

Impaired ovarian estradiol synthesis caused by ovar-
ian 17-ketosteroid reductase deficiency (163), ovarian 3�-
HSD deficiency (108, 109), and ovarian aromatase defi-
ciency (164–166) predictably leads to PCOS either as a
result of the increased intraovarian androgen effect or be-
cause of the increased gonadotropin effect via a feedback
regulation. PCOS in ovarian androgen-producing tumor
may be caused by either the direct effect of androgen on
the process of ovarian estrogen synthesis or by altering
gonadotropin secretion via excess androgen or free estro-
gen converted from excess androgen. It is not certain
whether excess androgen production in these adrenal and
ovarian conditions alters peripheral insulin sensitivity or
some other growth factor action in the modulation of go-
nadotropin on the ovarian function, thereby leading to the
development of PCOS.

d. Primary PCOS

Clinical presentation. Most females with primary
PCOS (nonadrenal and nonexogenous excess androgen in-
duced) have normal onset of menarche, although infre-
quently primary amenorrhea or oligomenorrhea may be
present from the beginning (137, 167, 168). Frequently a
history of significant weight gain preceding menarche can
be obtained in many patients with primary PCOS (169).
Hirsutism in primary PCOS generally begins during the
late pubertal stage following the menarche (169). Pro-
gressive manifestation of hirsutism and menstrual dys-
function correlate with the ovarian androgen production
rate (137, 170, 171). Some genetic factors may modify
the effects of increased ovarian androgen secreted in some
PCOS women who are not hirsute (137). The clinical
spectrum of primary PCOS therefore ranges from regular
anovulatory withdrawal menstrual cycle, menstrual ab-
normality, to mild hirsutism with regular anovulatory
withdrawal cycle, to severe hirsutism and/or virilism and
menstrual abnormalities and/or infertility (137, 139, 171).
Approximately 70% of women with PCOS in the United
States were reported to be hirsute, and the remaining 30%
were not hirsute despite hyperandrogenism (139). In the
author’s experience with PCOS in young hirsute females,
more than 300 of whom were evaluated in the last 20
years, intrinsic primary PCOS defined by clinical presen-
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tation of hirsutism with (majority) or without (minority)
menstrual disorders and documented increased ovarian
�4-A and/or T production in the absence of increased ad-
renal androgen secretion was diagnosed in one-quarter to
one-third of the patients evaluated (23, 39, 65). Primary
ovarian hyperthecosis and hyperandrogenism (HA)/insulin
resistance (IR)/acanthosis nigricans (AN) (HAIR-AN)
syndrome were found in fewer patients.

Hormonal manifestations. An increased ovarian
source of �4-A and or T production is frequently present.
Elevated basal levels of T and/or �4-A in the absence of
elevated adrenal androgens (DHEA, DS) generally signify
primary PCOS. However, in some patients, both increased
ovarian T and/or �4-A production and increased adrenal
androgen levels are present simultaneously in the absence
of any known enzyme defect in adrenal and/or ovarian
biosynthesis. Thus, PCOS females clinically have elevated
serum total and/or free T level or �4-A level, increased
free androgen index, and decreased SHBG levels. These
hormonal abnormalities may be related in part to obesity
in PCOS (172). A mildly elevated random 17-OHP level
and 17-OHP response to GnRH analog or hCG adminis-
tration suggested dysregulation of ovarian 17�-hydroxy-
lase/17–20 lyase activity in PCOS ovaries (120, 173).
However CYP17 gene structure is normal in PCOS fe-
males. Thus, the mechanism of altered 17�-hydroxylase/
17–20 lyase activity in the ovarian steroidogenesis is
unknown. Whether hyperinsulinism modifies ovarian en-
zyme activity in the PCOS female (42) or whether a com-
mon defect is the cause of both altered insulin-signaling
pathway and some ovarian enzyme gene expression re-
mains to be elucidated.

The increased ovarian androgen production in pri-
mary PCOS is associated with inappropriate gonadotropin
secretory patterns including elevated basal LH levels (139,
171, 174), elevated basal LH to FSH ratios, high LH am-
plitude (174–176), or hyperresponse of LH to LHRH
stimulations (174). Nonbioactive gonadotropin measure-
ment, such as radioimmunoassay, however, did not dem-
onstrate abnormally elevated LH levels in approximately
25% of primary PCOS patients (177). In the author’s ex-
perience, the baseline LH levels, LH to FSH ratios, and
LH response to LHRH administration in the primary
PCOS patients were elevated or apparently appropriate
despite increased ovarian androgen secretion. Generally
increased ovarian sources of �4-A and/or T in these pa-
tients were not significantly suppressible by dexametha-
sone, although all other adrenal steroid levels were
promptly suppressed (39). PCOS associated with both in-
creased ovarian and adrenal androgen secretion of unde-
fined cause was found in about 5% of the patients in the
author’s study (39).

The inappropriately elevated LH levels in the primary
PCOS patients were not related to an alteration in the
negative feedback regulation between estradiol and LH
secretion, since estradiol infusion effectively suppressed

elevated LH in these patients (174). In addition, the pos-
itive feedback mechanism of estrogen on LH release was
apparently intact in PCOS patients since the preovulatory
elevation of estradiol via clomiphene citrate administra-
tion induced an LH surge in patients with primary PCOS
(178). The pathogenesis of the inappropriate gonadotropin
secretion in the primary PCOS is not yet clearly defined.
Inappropriate gonadotropin secretion may be due to ab-
normal ovarian steroidogenesis of PCOS or primary or
secondary hypothalamic–pituitary alteration. The pres-
ence of both negative and positive feedback mechanisms
of gonadotropin secretion in patients with primary PCOS
led to the conclusion that anovulation in primary PCOS
is less likely due to an intrinsic hypothalamic abnormality
(174, 179). Defective secretion of FSH may play a crucial
role in the pathogenesis of PCOS since FSH or clomi-
phene administration resulted in ovulation in patients with
primary PCOS (174, 179, 180). An extraglandular source
of estrogen (estrone) via peripheral conversion of �4-A is
related to body weight and has been speculated to be of
causative importance in the maintenance of chronic an-
ovulation (179, 181). Suppression of gonadotropin secre-
tion by combined treatment of GnRH analog and an oral
contraceptive effectively eliminated excess LH and excess
ovarian androgen secretion (39, 182). However, a few
months following discontinuation of these therapies, ovar-
ian testosterone secretion increased remarkably quickly
while LHRH-stimulated LH levels rose only marginally
(182). This observation clearly indicates that a systemic
or intraovarian factor modulates for the increased ovarian
androgen synthesis in the presence of only modest
amounts of LH secretion (182). This systemic or intra-
ovarian factor may be insulin or some other yet uniden-
tified factor or mechanism.

Insulin resistance. Many studies indicate that there
is a strong relationship between hyperinsulinemia and
ovarian hyperandrogenism (139, 183–188). The periph-
eral insulin resistance is not changed by the suppression
in ovarian androgen levels (187, 188). Patients with in-
sulin resistance may or may not be obese, but obesity
contributes to a greater degree of insulin resistance and
decreasing SHBG levels in women with PCOS. Overt in-
sulin resistance in patients with primary PCOS has been
reported in at least 60% or greater based on an elevated
insulin to glucose level (189). Also, a high rate (38%) of
hyperandrogenic disorder in women treated for type 1 di-
abetes mellitus has been reported (154). These data indi-
cate that hyperinsulinemia is a causative factor in PCOS.

The mechanism by which hyperinsulinemia results in
increased ovarian androgen production in PCOS has been
the subject of investigation in the past and current de-
cades. Insulin has a stimulatory effect on steroidogenesis
of normal and polycystic ovaries and interacts with LH in
a synergistic manner (190, 191). Insulin action in the
ovary appears to be mediated by the specific insulin re-
ceptor and not by the cross-reaction with the IGF-I recep-
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Table 4 Proven or Proposed Positive and Negative Genes/Factors Associated with Hyperandrogenism/Polycystic
Ovary Syndrome

Positive association Negative findings Inconsistent findings

PCOS or hyper-
androgenism

Serine residue of insulin receptor of
�-subunit (148)

Paternally transmitted insulin gene
variable number tandem repeat
(VNTR) class III alleles (197)

Follistatin (156)
FSH �-subunit gene mutation (198)
Chromosome II long arm deletion

(199)
TNF-alpha system (200)
�-estrogen receptor defect (201)
Maternal obesity/high birth weight

(202)
History of premature pubarche (203–

205)
History of central precocious puberty

(206)

StAR gene (207)
DAX-I gene (207)
Steroidal factor I gene (207)
CYP17 gene (208, 209)
Insulin receptor binding capacity/

affinity (148, 255)
CYP21 mutation heterozygosity (211,

212)
Androgen receptor gene (156)
CYP19 aromatase gene (156)
Activin/inhivin genes (156)
SHBG gene (156)
LH/hCG receptor gene (156)
FSH receptor gene (156)
Leptin/proleptin receptor gene (156)
IGF-I/GR-IR/IGF BP3 genes (156)
INSR gene/IRSI gene (1560

CYPIIA gene (156, 207, 213)
Hyperprolactinemia (131, 215)
VNTR gene (148, 197)

Idiopathic
hirsutism

Increase in skin 5�-reductase activity
(68, 234–236)

Obesity/decreased SHBG (228)
Increased free/bioactive androgens

(50, 237)

CYPIIA gene (214) Androgen receptor gene (239–
241)

tors (190, 191). Hyperinsulinemia is also suggested to
contribute to premature follicular growth arrest and an-
ovulation of PCOS (190). Insulin also appears to have a
role in amplifying LH-induced theca cell androgen pro-
duction in PCOS females (190). A study indicated that
lean PCOS females have an equivalent degree of tissue
insulin resistance to obese PCOS females (192). Hyper-
insulinemia in hyperandrogenic anovulatory females is
also often accompanied by an increased amount of ab-
dominal fat (42). This upper-body obesity is a risk factor
for development of type 2 diabetes mellitus and ultimately
cardiovascular disease (42, 193). Acanthosis nigricans is
a cutaneous manifestation of hyperinsulinemia and is
commonly noted in PCOS patients with insulin resistance
and obesity (193). A retrospective study revealed a rate of
26% of type 2 diabetes occurring among PCOS females
(194). However, insulin alone in the absence of gonado-
tropin secretion in PCOS females did not cause excess
ovarian androgen secretion (182, 195). Thus, modulation
of ovarian steroidogenesis by both insulin and gonadotro-
pin is a prerequisite for hyperandrogenism in PCOS fe-
males with insulin resistance (195). Several studies dem-
onstrated normal insulin receptor-binding capacity and
affinity, normal total phosphorylation of the insulin recep-
tor �-subunit (148, 193, 196), and an abnormal dose-de-
pendent effect of insulin on glucose transport, suggesting
a postreceptor defect (147, 148). An increased basal phos-

phorylation of the serine residue of insulin receptor �-
subunit in contrast to the tyrosine residue was proposed
as a cellular mechanism of insulin resistance of PCOS
(148). However equal numbers of PCOS females had a
normal receptor tyrosine kinase activity, suggesting a de-
fect beyond insulin receptor phosphorylation (148). A de-
creased content of GLUT-4 glucose transporter in the adi-
pocyte cell membrane of PCOS patients may also be a
mechanism for peripheral insulin resistance (149). Pater-
nally transmitted insulin gene variable number tandem re-
peat (VNTR) of class III alleles has also been reported to
be associated with insulin resistance of PCOS (197). Thus,
the cellular and molecular mechanism of insulin resistance
of PCOS is yet to be defined.

Other candidate genes or factors. Several recent
studies of candidate genes or causative factors of PCOS
also uncovered other genetic factors independent of in-
sulin resistance that may play a role in the development
of PCOS (Table 4). These include follistatin gene (156),
FSH �-subunit gene mutation (198), chromosome II long
arm deletion (199), TNF-�-system (200), �-estrogen re-
ceptor defect (201), maternal obesity and high birth
weight (202), history of premature pubarche (203–205),
and a history of central precocious puberty (206). The
childhood diagnosis of premature pubarche and central
precocious puberty may suggest that either premature
ovarian exposure to androgens or sex steroids or a factor
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causing this precocity may contribute to the development
of PCOS or ovarian hyperandrogenism in later life. On
the other hand, many other genes were found not to be
linked or associated with PCOS and are not likely can-
didate genes for PCOS (156, 207–212) (Table 4). There
are also inconsistent and conflicting reports with regards
to CYPIIA gene (156, 207, 213, 214) and hyperprolacti-
nemia as potential factors for PCOS development (131,
215) (Table 4). The mechanism of altered reproductive
function in hyperprolactinemic females is complex (216).
An estrogen-stimulatory effect on the pituitary lactotropes
has been speculated to cause hyperprolactinemia in pa-
tients with this disorder (216).

e. Genetic Causes of Insulin-Resistant Syndrome.
A severe degree of excess ovarian androgen production
has been found in genetic disorders of severe insulin-re-
sistant syndrome due to point mutation of the gene en-
coding insulin receptor function (217–220). These pa-
tients manifest HAIR-AN syndrome and are usually
virilized. Leprechaunism characterized by severe congen-
ital growth retardation appears to be also caused by in-
sulin receptor gene mutation (217) and patients develop
PCOS although those with severe cases do not survive
long. Other syndromes caused by insulin receptor gene
mutation include Rabson-Mendenhall syndrome and type
A syndrome (219, 221–223). Kahn type B insulin resis-
tance syndrome due to the presence of circulating anti-
bodies for insulin receptors also causes HAIR-AN syn-
drome (220). However, fewer than 30% of women with
insulin resistance manifest AN (188). The patients with
AN, therefore, are at high risk of HAIR-AN syndrome. In
patients with HAIR-AN syndrome, ovarian histological
study almost always reveals marked stromal hyperthe-
cosis, which results in severe excess ovarian androgen
production (188).

f. Hyperthecosis of Stroma. This condition is char-
acterized by the nests of luteinized theca cells within the
stroma of bilaterally enlarged ovaries (3, 224, 225). The
thickened capsule without subcapsular cysts differentiates
hyperthecosis from PCOS (224, 225) and the theca cells
produce excess androgen. Patients with stromal hyperthe-
cosis have progressive symptoms of androgen excess and
are usually amenorrheic. Serum T levels are generally
>150 ng/dl (3, 188). This condition, however, is differ-
entiated from most of the androgen-producing tumors
clinically by the nature of slowly progressive symptoms,
hormonally by the elevated basal and LHRH-stimulated
LH levels, as well as significant presence of acanthosis
nigricans in some patients.

g. PCOS Associated with Adrenal Androgen Secre-
tion. In patients with mild 21-hydroxylase deficiency,
menstrual disorder was present in about one-half but most
of these patients had normal ovarian androgen secretion
despite experiencing menstrual problems (77). Previous
studies demonstrated that the menstrual disorder in either
21-hydroxylase deficiency or genotype-normal decreased

adrenal 3�-HSD activity patients (no longer 3�-HSD de-
ficiency) had PCOS by ultrasound, laparoscopy, or lapa-
rotomy study (23). Thus, PCOS in patients with primarily
increased adrenal androgen secretion was associated with
both normal or mildly increased ovarian androgen pro-
duction. However, in the poorly controlled severe classic
virilizing form of congenital adrenal hyperplasia patients,
classic PCOS pathological findings and increased ovarian
androgen production were demonstrated (157–161). The
pathophysiology of PCOS in these conditions was elab-
orated in previous sections.

2. Genetic Defects in Ovarian Steroidogenesis

a. Ovarian 17�-HSD Deficiency. This enzyme is
also termed as 17�-ketosteroid reductase. Recent molec-
ular studies revealed that 17�-HSD 1 isoenzyme is ex-
pressed in the ovary and preferentially reduces estrone to
estradiol (226). 17�-HSD 3 is the enzyme that converts
�4-A to T and is expressed in the testis. This enzyme
deficiency in the testicular tissue due to a mutation in the
gene results in male sexual ambiguity (227–230). 17�-
HSD 3 isoenzyme expression is either low or undetectable
in the ovarian tissue. Thus, the genetic basis of ovarian
17-KSR deficiency resulting in pubertal onset of hirsut-
ism, virilism, menstrual disorder, and PCO reported in fe-
males (163) is yet to be characterized.

b. Ovarian Type II 3�-HSD Deficiency. 3�-HSD
deficiency has been demonstrated in both adrenal and go-
nadal tissue in patients with severe 3�-HSD deficiency.
To date, two females with proven severe non-salt-losing
3�-HSD deficiency CAH demonstrated a defect in ovarian
3�-HSD activity and both manifested hirsutism, menstrual
disorders, and PCO (108, 109). Thus, inherited intra-ad-
renal and intraovarian genetic type II 3�-HSD deficiency
is a rare cause for ovarian dysfunction and PCOS.

c. Ovarian Aromatase (CYP19) Deficiency.
Aromatase enzyme deficiency due to a mutation in the
aromatase gene (CYP19) is a cause of virilization includ-
ing clitoromegaly, primary amenorrhea, and multiple
ovarian cysts as noted on a pelvic imaging study (164–
166). These patients have highly elevated T levels, mod-
erately elevated LH levels, and low estrogen levels (164–
166).

3. Ovarian Androgen-Producing Tumors
The clinical presentation of androgen-producing tumors of
the ovary is similar to the androgen-producing tumor of
the adrenals. Thus, in general marked virilism occurs in
short duration in women with ovarian androgen-producing
tumors. However, there are exceptional patients whose
symptoms of excess androgen production by the ovarian
tumor was slowly progressive and long-standing (231).
Both clinically rapid or slowly progressive ovarian tumor
secreting androgens are associated with extremely high
circulating levels of mainly �4-A and T regardless of his-
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topathological classification of the tumors. Serum DHEA
and DHEA-S levels may be mildly elevated or normal
except in cases of metastasized adrenal carcinoma of the
ovary. The tumorous androgen-producing cells arise from
lipoid cells, hilus cells, Sertoli-Leydig cells, granulosa-
theca cells, and stromal cells.

4. �-Estrogen Receptor Defect
This is a rare disorder proposed to describe the clinical
picture of hirsutism and regular menstrual history asso-
ciated with extraordinarily elevated serum T and estradiol
levels of an ovarian source in the absence of adrenal and
ovarian tumor. This abnormality was proposed to be com-
patible with �-estrogen receptor knockout female mice.
The female patient had ovarian imaging findings compat-
ible with classic PCOS (201).

C. Idiopathic Hirsutism/Acne

By strict definition, idiopathic hirsutism should describe
women presenting with hirsutism and/or acne and no other
androgen excess symptoms, or other clinical or hormonal
causes of hirsutism, normal circulating androgen concen-
tration in the basal state or under dynamic test of adrenal
or ovarian steroidogenic function, and normal ovarian
function as evidenced by a normal ovulatory cycle or nor-
mal reproductive function. In a study of the causes of
hirsutism in the author’s clinic, idiopathic hirsutism, de-
fined by normal circulating basal and stimulated adrenal
and ovarian total steroid levels and normal menstrual cy-
cles, was the most common cause of hirsutism and in-
cluded 30–50% of hirsute women of various ethnic/racial
backgrounds (39). However, idiopathic hirsutism by the
strictest definition using absolutely normal circulating to-
tal and free androgen levels and documented normal ovu-
latory menstrual cycles, was identified in only 6% of hir-
sute females (232) in an Italian study and 17% in an
Alabama study (233).

Several pathogenic mechanisms have been speculated
for idiopathic hirsutism (Table 4). Increased intracellular
conversion of precursor androgens to DHT by the in-
creased intracellular 5�-reductase activity was found in
some women with idiopathic hirsutism (68, 234). In-
creased skin androgen metabolic activity was noted in
women with idiopathic hirsutism as evidenced by the in-
creased circulating 3�-adiol gluc levels (62–65, 235)
(Fig. 4). Serum 3�-adiol gluc reflects largely 5�-reductase
activity (235) and peripheral adrenal androgen metabolism
(65). Thus, the increased 5�-reductase activity in the skin
of these women could be a causative factor in idiopathic
hirsutism (236). Another proposed mechanism for idio-
pathic hirsutism is the increased availability of bioactive
androgens. Free T is a determinant factor in androgen ac-
tion and was elevated in number of hirsute women with
normal total T concentration (50, 237). In obese hirsute
females, a reduction in SHBG and an increase in free T
are associated with the degree of upper body obesity and
may be the cause of hirsutism (238). Thus the decreased

SHBG and increased free T or DHT may be one of the
causative factors in idiopathic hirsutism.

The third theory involves increased skin tissue sen-
sitivity to the circulating androgen for idiopathic hirsut-
ism. Although the increased skin 5�-reductase activity
may enhance androgen effect at the target cells, the an-
drogen-binding capacity at the receptor protein of the tar-
get cell shows no differences between normal and hirsute
females (67). Androgen receptor gene polymorphism does
not appear to play a significant role in the pathologies of
idiopathic hirsutism (239), but this was contradicted by
other studies (240, 241). CYPIIA gene was found to have
no significant role in the pathology of hirsutism (214).
Abnormalities found in some women with idiopathic hir-
sutism include increased skin androgen metabolizing ac-
tivity and/or increased bioactive free androgens. Whether
these are primary abnormalities or whether they are due
to disorders of enzyme and receptor protein regulation or
due to increased free component of androgens remains to
be elucidated. The mechanism of low SHBG and high free
T in nonobese females with idiopathic hirsutism also
needs further exploration.

D. Hirsutism Associated with
Thyroid Disorder

Thyroid hormones increase the concentration of SHBG in
plasma (25). Thus, high testosterone levels observed in
some patients with hyperthyroidism are due to increased
protein-bound testosterone levels, with no clinical andro-
gen excess symptoms. On the other hand, hypothyroidism
may be associated with hirsutism (242). In the last 20
years, the authors have found only a few women with
hirsutism who have hypothyroidism. These women had
normal circulating total androgen levels. Thus hypothy-
roidism seems to be a condition rarely associated with
hirsutism and menstrual irregularity. To the best of our
knowledge, no studies have been reported of the androgen
metabolism, SHBG, or free androgen concentration in hy-
pothyroidism.

V. DIAGNOSTIC APPROACH AND
DIFFERENTIAL DIAGNOSIS

A. Clinical Assessment of Hirsutism

A detailed history and careful physical examination are
essential in evaluating hirsute patients. History of puberty,
including adrenarche, thelarche, onset of hirsutism and its
progression, menarche, and menstrual history should be
obtained. Similar history should be obtained from female
family members as well. Evaluation of the severity and
progression of terminal hair growth is an essential part of
physical examination in hirsute females. A detailed history
of cosmetic care, including frequency, method, and the
last treatment date of depilation or shaving is necessary
to estimate degree of hair growth in a natural state.
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Figure 6 Modified Ferriman and Gallwey hirsutism scoring chart. (From Cooke and Sawers. Androgens and Anti-androgen
Therapy 1982:95. Reproduced with permission from John Wiley and Sons, New York, NY.)

The degree of hirsutism on various parts of the body
should be examined, including face, chin, neck, chest, are-
olar, abdomen, pelvic area, upper and lower back, but-
tocks, intergluteal region, thighs, and other parts of ex-
tremities. The best method to determine the degree of
hirsutism was described by Ferriman and Gallwey (243).
Their original scoring system included 11 areas of the
body, using a total of four points for grading each area,
with a total score of 44. Further modification of the charts
and scoring system of Ferriman and Gallwey has been
described by Cooke and Goodal (128) and Hatch et al.
(244). The scoring system modified by Cooke and Goodal
identifies hirsute scores in nine hormonally more sensitive
areas and two hormonally less sensitive areas with a total
score of 36 (Fig. 6). We find that this modified scoring
system is easy and more informative in evaluating the
initial state and for follow-up of treated hirsute patients.
Presence or absence and extent of acne, seborrhea, oily
hair, masculine body habitus, and clitoral enlargement
should also be examined in all hirsute patients.

B. Differential Diagnosis

In the previous section, many of the specific clinical and
hormonal abnormalities of each disorder were discussed.
In this section, a general approach to the laboratory in-
vestigation for differential diagnosis of the hirsutism cause
is described. The reference data for basal and ACTH-stim-
ulated steroid levels in normal women and in women who
are hirsute due to various causes are depicted in Table 5
(39). In interpreting the patient’s hormonal values, it is

pertinent to know each laboratory’s hormonal reference
data due to the variable degrees of purification and spec-
ificity of hormonal assay. A guideline for evaluation of
hirsutism causes is depicted in Figure 5. Hirsutism/acne
with a slow or nonprogressive history and a normal men-
strual cycle history is more likely due to an idiopathic
cause (no excess androgen production) or a mild spectrum
of PCOS with an anovulatory cycle, mild spectrum of
CAH, or idiopathic adrenal hyperandrogenism (functional
adrenal hyperandrogenism). Thus, a minimal work-up, in-
cluding measurement of early morning 17-OHP level and
a few serum androgen level screenings (total/free T,
androstenedione, and DHEA-S) would guide the differ-
ential pathway as depicted in Figure 5. Additional 3�-
androstenediol glucuronate and SHBG level studies may
be helpful for assessing idiopathic hirsutism if circulating
androgen levels are unremarkable. Hirsutism/acne with a
slow or moderate progression history and overt menstrual
irregularity history even in teenaged girls (primary or sec-
ondary amenorrhea, polymenorrhea) requires considera-
tion of PCOS, a mild form of CAH, idiopathic adrenal
hyperandrogenism, as well as thyroid disorders (hypo-/
hyper-), and hyperprolactinemia. Thus, the initial evalua-
tion of 8 am 17-OHP levels, serum androgen levels, LH,
FSH, T4, TSH, and prolactin levels would guide further
approaches for a differential pathway, as depicted in Fig-
ure 5.

Hirsute patients with menstrual disorders have gen-
erally elevated ovarian and/or adrenal androgen levels, al-
though the levels are not as high as in patients with vir-
ilism. In those with only elevated total or free T levels
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with or without elevated LH levels as compared to the
normal early follicular phase LH levels, PCOS is a first
consideration. Evaluation for insulin resistance and an im-
aging study of adnexae need to be considered. In those
with only elevated DHEA-S levels with or without ele-
vated T, idiopathic adrenal hyperandrogenism and PCOS
are equal considerations. The author’s experience indi-
cates that the response of LH to LHRH stimulation is
variable in patients with primary PCOS and PCOS related
to increased adrenal androgen production. The occurrence
of menstrual disorders and PCOS in all excess adrenal
androgen-producing conditions was discussed earlier. In
those with elevated cortisol and adrenal androgen levels
and no cushingoid features, glucocorticoid resistance syn-
drome is a possibility.

Very high basal DHEA (>1500 ng/dl), DHEA-S
(>500 �g/dl) levels, and urinary 17-ketosteroid levels,
with or without moderately elevated �4-A and T levels,
can be seen in women with partial adrenal 3�-HSD de-
ficiency (108, 109) or in type II 3�-HSD genotype-normal
but mildly decreased adrenal 3�-HSD activity of un-
known cause (no longer 3�-HSD deficiency) (23, 39,
114). The magnitude of �5-17P in true 3�-HSD defi-
ciency, however, is highly abnormal (108, 109) compared
to genotype-normal mildly decreased adrenal 3�-HSD ac-
tivity of unknown cause (23, 114). An adrenal androgen-
producing tumor is rare in patients without virilism, but
exceptionally higher DHEA and DHEA-S levels would
warrant its consideration and a dexamethasone suppres-
sion test is warranted, as described below.

In patients with hyperprolactinemia, a causative med-
ication history, such as oral contraceptives or psycholeptic
drugs, and CNS symptom history must be obtained. A
pituitary imaging study (MRI, CT scan) is essential for
evaluation of prolactin-secreting pituitary adenoma. Hir-
sutism/acne with moderate progression and virilism sug-
gests excess androgen-producing pathologies such as vi-
rilizing CAH, stromal hyperthecosis (severely advanced
PCOS), a slow-growing androgen-producing tumor, or a
clinically recognizable classic or atypical Cushing syn-
drome or disease. Any apparent clinical and physical stig-
mata of a disorder such as Cushing syndrome/disease will
not be discussed here. In those patients with clinically
indistinguishable hirsutism, initial work-up including 8
a.m. 17-OHP, serum F, androgens, LH, FSH, and prolactin
levels is warranted. In patients with elevated T and �4-A
levels with or without elevated LH levels, an ovarian im-
aging study, an ovarian suppression test and a �-hCG
screening test would be helpful for differentiating among
stromal hyperthecosis (or severe PCOS), a slow-growing
ovarian androgen-producing tumor, or an hCG-producing
tumor. For those with excessively elevated DHEA and
DHEA-S levels with or without elevated cortisol levels,
an adrenal suppression test by administering dexametha-
sone and, if indicated, an adrenal imaging study (generally
by CT scan) would help to evaluate the nature of excess

adrenal androgen production. In those with any clinical
and hormonal data suggesting atypical Cushing syndrome,
both dynamic studies of adrenal steroid and ACTH secre-
tion and adrenal and/or pituitary imaging studies need to
be considered.

Hirsutism/acne with virilism of a rapidly progressive
history generally signifies an androgen-producing tumor
of the ovary or adrenal gland. Random androgen and cor-
tisol level determination and, accordingly, an adrenal CT
or an abdominal or ovarian imaging study (ultrasound,
MRI) are warranted. In those with no obvious anatomical
pathology of the adrenal glands or ovaries, endocrine dy-
namics of the adrenal glands or ovaries need to be eval-
uated (Fig. 5).

A logical sequence of adrenal and/or ovarian dynamic
studies includes an early morning basal hormonal study
or circadian basal hormonal study followed by adrenal
stimulation/suppression and ovarian suppression/stimula-
tion contiguously. Suppression tests are generally more
important than stimulation tests, in evaluating the excess
androgen production. For adrenal stimulation, 0.25 mg
ACTH is administered by intravenous (IV) bolus and var-
ious adrenal steroids and C-19 steroids responses are
examined 1 h following ACTH stimulation. The adrenal
suppression test is performed by administering a phar-
macological dosage of dexamethasone, 2 mg/day in four
divided doses/day for 3–5 days. The key circulating ad-
renal steroids, including C-19 androgens and urinary me-
tabolites of C-19 steroids, may be determined on days 3–
5 after dexamethasone administration. While adrenal ste-
roid secretion is suppressed by dexamethasone, ovarian
suppression may be evaluated by administering gonado-
tropin suppressant, such as synthetic estrogen (ethinyl es-
tradiol 50–100 �g orally twice daily), or a progestational
compound, such as norethindrone acetate (10 mg orally
three times daily) for 3–5 days. The ovarian androgen
stimulation test may be performed by administering hu-
man chorionic gonadotropin (hCG), 3000–5000 IU/day
for 3 days and ovarian steroidal response should be ex-
amined 2 to 24–48 hours after the last dose of hCG. An
LHRH (GnRH) stimulation test (100–150 �g IV bolus)
or LHRH (GnRH) analog stimulation test may also be
useful in the differential diagnosis of increased ovarian
androgen production. These gonadotropin stimulation
tests, however, need to be performed prior to the above-
described ovarian suppression or ovarian stimulation test.

With dexamethasone administration, patients with ad-
renal tumor, DHEA, DHEA-S, and other C-19 steroids
and their urinary metabolites may be only slightly or par-
tially decreased. In adrenal 3�-HSD deficiency, genotype-
normal mildly decreased adrenal 3�-HSD activity of un-
known cause, and idiopathic adrenal hyperandrogenism,
these steroid levels are more easily suppressed to a greater
degree (39, 65, 108, 109). Clinically, these patients rarely
present with virilism. Occasionally patients with partial
21-hydroxylase deficiency present with virilism and men-
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strual disorder. Serum DHEA and DHEA-S levels may be
moderately elevated, but DHEA levels are generally also
higher in the early morning hours. These steroidal abnor-
malities will be more easily suppressed by dexamethasone
administration in CAH.

Extremely high basal �4-A (>350 ng/dl) and T
(>150–200 ng/dl) levels without concomitantly increased
levels of DHEA and DHEA-S are usually seen in patients
with long-standing stromal hyperthecosis, ovarian tumor,
and ovarian 17-KSR deficiency. These patients generally
manifest virilism. The ovarian source of androgen will be
suppressed to a greater degree and more easily by admin-
istration of ethinyl estradiol or a progesterone compound
in ovarian 17-KSR deficiency or PCOS, whereas andro-
gen secretion by the tumor may not change or may only
slightly decrease. The LHRH stimulation test results in
LH hyperresponse in ovarian hyperthecosis and 17-KSR
deficiency (163). In stromal hyperthecosis, suppression of
androgens, by administration of estrogen or progestational
agents, is not as good as in the patient with PCOS. How-
ever, a long-term (>3 month) LHRH analog treatment sup-
presses ovarian androgen secretion in these patients (182).
The definitive differential diagnosis of these three con-
ditions requires ovarian hormonal dynamic studies,
radiological evaluation, gynecological examination, and
possibly laparoscopic examination in some cases.
Laparotomy may also have to be carried out if there is a
high suspicion of tumorous lesions in the ovary.

VI. TREATMENT OF HIRSUTISM AND
POLYCYSTIC OVARY SYNDROME

The specific and nonspecific therapies for the various
causes of hirsutism described here are based partly on the
author’s experience and a review of the literature (Table
6). The treatment of hirsute symptoms is most effective if
aimed at correcting the primary pathogenic mechanism.
This is not always straightforward in patients with PCOS,
ovarian hyperthecosis, or idiopathic hirsutism. Both spe-
cific and nonspecific therapy will be discussed for each
disorder.

A. Mild Nonclassic 21-Hydroxylase
Deficiency, 3�-HSD Deficiency, and
Idiopathic Adrenal Hyperandrogenism

Suppression of excess adrenal androgen production for
these conditions can easily be achieved by administration
of a relatively low dosage of glucocorticoid hormone. We
have used prednisone in a dosage of 2.5 mg twice daily
or 5 mg a.m. and 2.5 mg p.m., or dexamethasone 0.25–
0.375 mg at bedtime. The dosage of glucocorticoid should
be adjusted based on the patient’s clinical and hormonal
response, as well as side effects of glucocorticoid, such
as weight gain, striae, and Cushingoid features. Use of
dexamethasone 0.5 mg at bedtime caused Cushingoid fea-

tures in some women with nonclassic CAH within 4–8
weeks in the author’s experience as well as in PCOS pa-
tients with elevated adrenal androgens (245).

The aim of treatment is to reduce adrenal androgen
secretion to a low-normal level, not complete adrenal sup-
pression, thereby minimizing the side effects. Our expe-
rience indicates that marginal to significant clinical im-
provement of hirsutism in a large number of women with
these increased adrenal androgen-producing conditions
occurred within 8 months to 1 year of treatment. By the
second year of treatment, a majority of the patients
showed good improvement in hirsutism. In almost all
cases recovery of menses occurred in 2–3 months follow-
ing adequate suppression of excess adrenal androgen se-
cretion. Therapeutic monitoring of 21-hydroxylase defi-
ciency requires periodic follow-up measurement of
17-OHP, �4-A, and T levels. Periodic measurement of
DHEA, DHEA-S, �4-A, and T is necessary to monitor
3�-HSD deficiency and idiopathic adrenal hyperan-
drogenism. Antiandrogen drug therapy as depicted later in
Table 8 may be necessary in those patients whose hirsut-
ism symptoms do not improve significantly despite low-
ered adrenal androgen levels. Use of spironolactone in
nonclassic CAH is, however, not desirable due to its po-
tential salt-wasting effect.

B. Primary PCOS and Stromal Hyperthecosis

Primary PCOS is a more difficult condition to treat suc-
cessfully for both hirsutism and menstrual disorders
(amenorrhea/oligomenorrhea or dysfunctional bleeding).
In patients with insulin resistance and/or obesity, addi-
tional risk of glucose intolerance or type 2 diabetes and
complications of obesity need to be dealt with. In PCOS
females with insulin resistance with or without obesity
and menstrual disorder, treatment for hyperinsulinemia
secondary to insulin resistance is the approach of choice.
This is because the pathophysiology of ovarian hyperan-
drogenism and menstrual disorder is related to a periph-
eral defect in either the insulin-signaling pathway or glu-
cose metabolic pathway as described earlier. Thus, weight
control and weight loss measures in obese patients, in-
cluding nutritionally healthy eating, controls on both the
amount and kinds of food, coupled with a physically ac-
tive lifestyle in the long term is needed to reduce or pre-
vent ovarian hyperandrogenism, glucose intolerance, type
2 diabetes, hyperlipidemia, and hypertension.

Insulin-sensitizing pharmacological agents used in the
past few years and currently available on the market are
summarized in Table 6. Metformin hydrochloride (Glu-
cophage) decreases hepatic glucose production, decreases
intestinal glucose absorption, increases peripheral glucose
uptake/utilization (nonhypoglycemic agent), and has been
more widely used than other insulin-sensitizing agents for
PCOS females. At a dosage of 1000–2000 mg per day in
two to three divided doses, it is effective in improving
glycemic parameters, lowering insulin levels, and improv-
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ing or recovering regular menstrual cyclicity in women
with PCOS (246–250) and decreased visceral adiposity
(248, 251, 252). The effect of metformin on the Ferriman-
Gallwey Hirsutism Score has been inconsistent (247, 250)
and appears less effective in patients with elevated DHEA
and DHEA-S levels (246). Troglitazone (Rezulin: no
longer on the market) is an insulin-sensitizing agent of the
thiazolidinedione family. It has the pharmacological action
of decreasing hepatic glucose output and increasing in-
sulin-dependent glucose disposal in skeletal muscle via its
binding to peroxisome proliferator-activated receptors
(253, 254). At a dosage of 400–600 mg per day it im-
proved all glycemic parameters and the ovulatory cycle in
PCOS females (253, 254). The drug was removed from
the market due to a potential for liver toxicity. Its effect
on hirsutism, however, was only slight (253, 254). Rosig-
litazone (Avandia) and Pioglitazone (Actos) are potent ag-
onists for peroxisome proliferator-activated receptor-
gamma and have pharmacological actions similar to
Troglitazone. Both are available on the market, but their
use for PCOS females is limited. Acarbose (Precose) is an
agent of alpha-glucodase inhibitor that delays digestion of
ingested carbohydrates and minimizes glucose use. A dos-
age of 300 mg per day was reported to be effective in
lowering insulin levels and in the recovery of the normal
menstrual cycle in 53% of PCOS females. Improved acne
has also been reported (255).

If the patient desires mainly hirsutism treatment, as
is the case with many adolescent girls with PCOS or hy-
perandrogenism, the antiandrogen therapies in Table 6
may be considered as well as combined estrogen/proges-
terone oral contraceptive (COC) therapy. Because all of
the antiandrogen agents are potentially teratogenic for the
male fetus, women of reproductive age should take con-
traceptive precautions using either COC or barrier contra-
ceptives during this treatment. Additive effects of an an-
tiandrogen agent and COC are likely to result in a greater
degree of improvement in hirsutism. Use of antiandrogen
compounds in the treatment of hirsutism is described in
greater detail in the section on Idiopathic Hirsutism below.
COC treatment alone in PCOS patients is often partially
effective in hirsutism improvement and suppression of
ovarian androgen secretion and free T levels (252, 256–
261). Cyclic COC therapy in PCOS patients, however, has
a long-term benefit from the prevention of endometrial
hyperplasia to an unopposed effect of increased free es-
trogen in PCOS. COC has no discernable effect on insulin
sensitivity and has variable influence on HDL and LDL,
and total cholesterol and triglyceride levels (256–259).
Thus, the long-term benefits of COC on lipids are difficult
to predict in young women (Table 6).

In women with severe PCOS or stromal ovarian hy-
perthecosis with a greater degree of elevated ovarian tes-
tosterone level associated with increased LH secretion,
use of a GnRH analog at a dosage of 3.75–7.5 mg intra-
muscularly (IM) every 28 days is highly effective in near-

total suppression of gonadotropin and ovarian androgen
secretion (182, 262–265). GnRH analog therapy is often
combined with COC to prevent any undesirable effect on
bone mineral density in these patients. The combined ther-
apies of GnRH analog and COC thus have the effect of
decreasing ovarian androgen levels, having antiandrogen
action in the androgen-sensitive tissue, and increasing
SHBG. They were also very effective in the treatment of
hirsutism in PCOS and stromal hyperthecosis. The draw-
back of these therapies, however, is recurrence of ovarian
hyperandrogenism and symptoms shortly after the drug
therapies are discontinued (182, 260). Although ketocon-
azole has been reported to be effective in decreasing se-
rum androgen levels and hirsutism (257, 266), this com-
pound has not been widely accepted in the treatment of
hirsutism.

C. Idiopathic Hirsutism

In the treatment of idiopathic hirsutism, the antiandrogen
agents shown in Table 6 are predicted to be more specific
therapeutic agents. However all antiandrogenic agents en-
tail the risk of teratogenic effects. Therefore, absolute con-
traceptive measures are a must in women receiving an-
tiandrogenic therapy. During the past several years, wider
experience with four different antiandrogenic agents for
treatment of idiopathic and hyperandrogenic hirsutism
have been reported (Table 6), although the Food and Drug
Administration has approved of none of these agents for
treatment of hirsutism.

Spironolactone (100–400 mg/day) interferes with
DHT binding to its receptor and forms inactive complexes
at the nuclear level, minimizing the androgen effect on
hair growth. Spironolactone treatment has variable results
in hirsute females and other cosmetic hair removal care is
often necessary. In our experience, spironolactone alone
or combined therapy with spironolactone and COC was
more effective in women with idiopathic hirsutism defined
by normal androgen levels than in women with elevated
androgen levels. Recent reports using a lower dosage of
spironolactone (at 100–200 mg per day) showed as ef-
fective results in decreasing the Ferriman-Gallwey score
as COC alone or cyproterone acetate combined with COC
or ketoconazole therapy (257, 267–272) or flutamide or
finasteride (270).

Cyproterone acetate is a synthetic steroid derivative
of 17-OHP and has both antiandrogenic and antigonado-
tropic action (273). This agent is effective not only in the
treatment of idiopathic hirsutism but also in other causes
of androgen excess due to its antiandrogenic properties
and by reducing androgen production via suppression of
gonadotropin secretion (274). Overall, the combination of
cyproterone acetate at 50–100 mg from cycle days 1–10,
or a daily dose of 25–50 mg together with low-dosage
estrogen therapy reduces the production, transport, metab-
olism, and action of androgens (257, 263, 270, 272, 273,
275). As shown in Table 6, numerous European sources
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indicate successful treatment of hirsutism of various
causes using these combinations.

5�-reductase inhibitor should theoretically be an ef-
fective agent in the treatment of hirsutism. The type 1 5�-
reductase isoenzyme predominates in peripheral tissue and
type 2 isoenzyme in the reproductive system. Recently,
type 2 isoenzyme has also been demonstrated in the hair
follicle tissue and was described earlier. Of several ste-
roidal and nonsteroidal 5�-reductase inhibitors, only fi-
nasteride has been extensively used for the treatment of
hirsutism (262, 270, 276, 277). Finasteride at a daily dos-
age of 5 mg orally has been reported to decrease hirsutism
scores in patients with both idiopathic and hyperandro-
genic hirsutism (262, 270, 276, 277). Its effect on circu-
lating androgen levels appears variable. The effect of
finasteride in decreasing hirsutism has been reported to be
either similar to the effect of cyproterone acetate or flu-
tamide (275) or less than the effect of flutamide (276).

Flutamide is a nonsteroidal antiandrogen and prevents
androgen from binding to the androgen receptor by its
competitive binding without androgenic activity. Variable
dosages of flutamide from 62.5 to 500 mg in two divided
doses daily have been reported as effective in the treat-
ment of hirsutism in both the idiopathic and hyperandro-
genic causes (263, 270, 272, 275, 276, 278). A concern
about this drug derives from a few reports of related ful-
minant hepatic failure (279–281). Thus, close monitoring
of liver function is mandatory during the course of flutam-
ide therapy.

COC treatment alone or combined COC and GnRH
analog therapy in idiopathic hirsutism decreased the hir-
sutism score in a few reports (260, 261) (Table 6). The
beneficial effects of COC and GnRH were described ear-
lier.

In summary, most of the antiandrogenic drug thera-
pies have been reported as effective in decreasing the
amount of hirsutism in patients with either idiopathic or
hyperandrogenic cases.

However, the drawbacks of these therapies are their
temporary effectiveness during the drug treatment course.
Cessation of drug therapies almost invariably results in
recurrent hyperandrogenic symptoms with time. In addi-
tion, there are known potential side effects with all drug
therapies, as summarized in Table 6. Evaluation of renal
and hepatic function prior to and during administration of
many of these pharmacological compounds and providing
precautionary information to the patient with regard to
potential side effects of the compounds are prudent mea-
sures in clinical practice.

D. Cosmetic Treatment of Hirsutism

Psychological embarrassment as a result of hirsutism and/
or acne in adolescents and young adult women is a com-
mon observation in clinical practice. Thus, many patients
undertake immediate methods of hair elimination prior to
seeking medical help. Traditional methods of hair removal

include shaving, waxing, tweezing, depilatory creams, and
electrolysis. Recently, hair removal methods based on
light technology such as lasers or intense pulsed light have
been used in darker-skinned patients (282). This was re-
ported to be a useful method when proper patient selection
was employed in both darker- and lighter-skinned subjects
(282–284). Both cosmetic and medical therapies need to
be considered for hirsute females to minimize emotional
embarrassment.

VII. MENSTRUAL DISORDERS
IN ADOLESCENTS

A. Physiology of the Menstrual Cycle

Maturation of the normal ovulatory menstrual cycle re-
quires intact development and function of the cascade of
the system, including maturation of cyclic hypothalamic
gonadotropin-releasing hormone secretion in the basal hy-
pothalamus; its effect on the sequence and magnitude of
gonadotropin secretion in the anterior pituitary; proper
quantity and sequence of ovarian steroidogenesis, which
interacts in a positive manner for induction of ovulatory
cyclic changes of LH and FSH; evolving spectrum of fol-
licle development, ovulation, and corpus luteum function;
and development and cyclic changes of the endometrium
in relation to the ovarian steroidogenic and follicular life
cycle (Fig. 7). The entire system is regulated by a complex
mechanism that integrates biophysical and biochemical in-
formation composed of interactive levels of hormonal sig-
nals, autocrine and paracrine factors, and target cell re-
actions (285, 286). In addition, the normal anatomy of
menstrual outflow that connects the internal genital source
of flow with the outside provides patency and continuity
of the endocervix with the uterine cavity, vaginal canal,
and orifice.

The average age of menarche in the U.S. is 12.8 years
for white girls and 12.6 years for African-American girls,
with a range from 9 to 16 years in the normal spectrum.
Age of menarche is associated with race, nutritional
status, amount of body fat, and maternal age at menarche.
Menarche usually occurs 2–2.5 years after thelarche and
1 year after the growth spurt. Normal menstrual cycles
vary from 21 to 45 days but remain fairly constant within
a given individual. Normal flow lasts 2–7 days with an
average blood flow of 30–40 ml. Ovulation may not begin
until as late as 2 years after menarche (286, 287).

B. Definition of Menstrual Disorder

Primary amenorrhea is defined by the absence of menar-
che by age 16 years with normal pubertal development;
by 2 years after completed sexual maturation; or without
the onset of pubertal development by age 14 years. Sec-
ondary amenorrhea is defined by the absence of menstru-
ation for 3 cycle lengths in the setting of oligomenorrhea,
for 6 months after establishing regular menses or by 18
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Figure 7 Normal menstrual cycle of hormonal follicular and endometrial changes. (From Carr BR and Wilson JD, Disorders
of the Ovary and Female Reproductive Tract in Harrison’s Principles of Internal Medicine, 11th Edition, 1987:1818–1837.
Reproduced with permission from McGraw-Hill, New York, NY.)

months after menarche (285). Oligomenorrhea is defined
by significantly diminished menstrual flow. Polymenor-
rhea, or intermenorrhea indicates a too frequent menstrual
flow cycle (less than 21 days). Menorrhagia indicates ex-
cessive uterine bleeding occurring at the regular intervals
of menstruation, and menometrorrhagia indicates exces-
sive uterine bleeding occurring at regular or irregular in-
tervals. Table 7 depicts the causes of menstrual disorders/
alteration in young women with apparent normal external
genitalia.

C. Causes of Menstrual Disorders

1. Primary Amenorrhea
Primary amenorrhea may be caused by a congenital or
acquired pathology of a significant degree in the CNS–
hypothalamic–pituitary–ovarian (H–P–O) axes; in the
genital anatomy; as well as other systemic and/or hor-
monal factors affecting the H–P–O axes; and rarely but
not impossibly by pregnancy. Complete absence of sec-

ondary sex characteristic development, including amen-
orrhea in the absence of hyperandrogenic symptoms or
signs, generally signifies complete or near complete fail-
ure of either ovarian or hypothalamic–pituitary gonado-
trope function of either congenital or inherited causes or
causes acquired prior to adolescence. The classification of
the causes of primary amenorrhea depicted in Table 7
helps to identify the pathogenic site of this disorder.

a. Normal Anatomy of the Genital Outflow Tract.
Primary ovarian failure results in a hypergonadotropic
state with a greater increase in FSH than LH from peri-
pubertal age (288). Congenital causes include gonadal
dysgenesis due to an abnormal X chromosome typified by
a deletion of an X chromosome during meiosis, resulting
in features of classic Turner syndrome including sexual
infantilism, short stature, cardiovascular defects, webbed
neck, shield chest, short fourth and fifth metacarpals, in-
creased carrying angles of arms, and other associated fea-
tures. In Turner syndrome, germ cells are absent in the
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Table 7 Causes of Menstrual Disorders with Apparent Female External Genitalia in Adolescent Girls

Oligomenorrhea and
Primary amenorrhea Secondary amenorrhea menometrorrhagia

1. Primary ovarian failure (Hypergonadotropic
hypogonadism):

Congenital
Gonadal dysgenesis (Turner syndrome/mosaicism,

pure 46 XX or XY dysgenesis, other X
chromosome abnormalities)

17�-hydroxylase/17, 20 lyase deficiency
Other congenital

FSH receptor gene mutation
LH receptor gene mutation

Acquired
Autoimmune oophoritis
Mumps oophoritis
Irradiation
Chemotherapy
Galactosemia complication

Pregnancy
Hypothalamic amenorrhea
PCOS/stromal hyperthecosis
Hyperprolactinemia
Hypo/hyperthyroidism
Turner mosaicism
Other X chromosome abnormalities
All acquired causes of hyper/

hypogonadotropism
All acquired virilizing disorders including

Cushing syndrome

Pregnancy
PCOS
Hyperprolactinemia
Functional hypothalamic

anovulation
Thyroid disorder

2. Gonadatropin deficiency:
Congenital

GnRH deficiency (Kallman syndrome)
Hypopituitarism/empty sella syndrome
GnRH receptor gene mutation
Prader-Willi syndrome
Bardet-Biedel syndrome

Acquired
CNS trauma
CNS histiocystosis X
Suprasella tumors
Eating disorders
Rigorous exercise

3. Genital structure abnormalities:
Congenital in genetic females

Agenesis of mullerian structure (Mayer-
Robitansky-Kuster-Hauser syndrome)

Agenesis of vagina
Agenesis of cervix/endometrium
Hymen imperforation
Labial agglutination

Congenital in genetic males
Complete androgen insensitivity
17�-hydroxylase/17, 20 lyase deficiency

Acquired
Uterine synechia secondary to irradiation/infection

4. Hyperandrogenic disorders:
Stromal hyperthecosis/PCOS
Congenital adrenal hyperplasia
Androgen-producing tumor

5. Pregnancy
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ovary and are replaced by a fibrous streak. The variants
of Turner syndrome are termed Turner mosaicism, with
X-chromosome abnormalities such as 45 X/46 XX; and
iso or ring X-chromosome. 46 XX/XXX abnormality is
also a cause of ovarian failure (289). In subjects with
Turner mosaicism, the degree of ovarian failure may be
complete or partial, thus development of some secondary
sex characteristics may be present despite primary amen-
orrhea (289). Gonadal dysgenesis is the most common
cause of primary amenorrhea. Pure gonadal dysgenesis
with a 46 XY karyotype (Swyer syndrome) is a rare cause
of primary gonadal failure and is associated with in-
creased risk of gondaoblastoma development from the
streak gonads (290). A recent cytogenetic study of ado-
lescent patients with primary amenorrhea revealed a path-
ologicical or male karyotype in 26.4% (18/68) of patients
(289). Pure gonadal dysgenesis with 46 XX karyotype
may result from a single gene defect or destruction of
germinal tissues in utero by environmental or infectious
processes (291, 292). Both genetic females and males with
gonadal/adrenal combined 17-�-hydroxylase/17,20 lyase
deficiencies of significant degrees are phenotypically fem-
inized and fail to develop female secondary sex charac-
teristics (293, 294). A characteristic clinical clue for this
enzyme deficiency is hypertension; biochemical evalua-
tion would verify elevated progesterone and deoxycorti-
costerone levels and decreased 17-hydroxysteroids,
DHEA, other androgens and estrogen levels. Feminized
genetic males with this enzyme deficiency do not have the
mullerian structure.

Acquired causes of primary ovarian failure include
mumps oophoritis; autoimmune oophoritis; destruction of
ovarian tissue by trauma, irradiation, or chemotherapeutic
complications; or by excessive accumulation of galactose-
1-phosphate or deficiency of galactose-containing com-
pounds in the ovary of patients with galactosemia (295);
as well as idiopathic cause for primary amenorrhea. De-
pending on the age at which the disease is acquired, pri-
mary amenorrhea may or may not be associated with sec-
ondary sex characteristic development. Other rare genetic
causes of hypergonadotropic primary amenorrhea include
inactivating mutations of the FSH receptor gene in fe-
males with normal pubertal development, high plasma
FSH level and numerous ovarian follicles (296), and in-
activating mutations of the LH receptor gene in females
with normal breast development (297, 298).

Gonadotropin deficiency due to a congenital or in-
herited disorder or acquired cause results in hypogo-
nadotropic hypogonadism and primary amenorrhea. A
cause of inherited hypogonadotropic hypogonadism is
Kallman syndrome resulting from congenital deficiency of
GnRH in the presence or absence of agenesis of olfactory
bulbs causing anosmia. This disorder is transmitted by an
X-linked gene mutation but may also be transmitted by
an autosomal dominant trait (299, 300). Thus, this disor-
der occurs in both females and males. GnRH receptor

gene mutation has recently been characterized and results
in hypogonadotropic hypogonadism and primary amen-
orrhea in females with normal breast development (301).
Other congenital syndromes that have been reported to be
associated with hypogonadotropic hypogonadism include
Bardet-Biedel syndrome and Prader-Willi syndrome.
Other congenital causes of hypogonadotropic hypogo-
nadism are empty sella syndrome, which causes varying
degrees of hypopituitarism and idiopathic gonadotropin-
deficient hypogonadism. An acquired cause of gonadotro-
pin deficiency causing primary amenorrhea is chronic de-
bilitating systemic disease, which is often associated with
overall delayed development of secondary sex character-
istics. This delay is seen in patients with congenital he-
moglobinopathy, malabsorption, human immunovirus
(HIV), chronic nutritional deprivation, malnutrition, or
due to eating disorders including anorexia nervosa and
bulimia with or without rigorous exercise. Organic and
anatomical pathologies in the hypothalamic–pituitary re-
gion, including suprasella tumors (craniopharyngioma,
germinoma, teratoma, histoliocytosis, etc.); or other in-
flammatory processes (sarcoidosis, meningitis, tuberculo-
sis, etc.) in the hypothalamic region; pituitary tumors,
pituitary infarction or necrosis, or pituitary hemachroma-
tosis or sarcoidosis; or trauma in the pituitary stalk or
hypothalamic–pituitary axis region are well-known
causes of hypopituitarism and hypogonadism.

Primary amenorrhea may be related to hyperandro-
genic disorders including ovarian hyperthecosis and
PCOS, CAH, Cushing syndrome, or androgen-producing
tumors, as discussed earlier in this chapter. The clinical
presentation of these disorders is often associated with
hyperandrogenic symptoms. Excess androgens, progester-
one, or cyclic production of estrone by extraglandular aro-
matization of excess androgens is likely to be altering the
feedback loop of the H–P–O axis in these disorders. Thy-
roid disorders including hyper- or hypothyroidism are a
cause of amenorrhea of primary and secondary natures
and may be associated with estrogen-positive anovulation.

Other gonadal and endocrine disorders to be consid-
ered for primary amenorrhea include mixed gonadal dys-
genesis, true hermaphroditism, and androgen resistance
syndrome in genetic males with complete or near com-
plete female phenotypic presentation. Any slight suspicion
of genital ambiguity with or without signs of virilization
or palpable gonadal mass in the inguinal or labial region
in the female is often a clue for these causes (See Chapter
13 on Ambiguous Genitalia and Sexological Considera-
tions). A varying degree of internal genital abnormality is
associated with these causes of sexual ambiguity.

b. Anatomical Defect in the Outflow Genital Tract
and Uterus. Characteristically, females with anatomical
defects in the genital tract present with normal develop-
ment of secondary sex characteristics and normal matu-
ration of the H–P–O axis including ovulatory function.
Due to an obstruction in the genital tract, menstrual blood
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accumulates behind the obstruction site. Cyclic and pre-
dicted episodes of pain in the absence of menses are a
typical presentation and the patient may develop he-
matocolpos, hematometra, or hematoperitoneum. If undi-
agnosed, these disorders may lead to endometriosis,
adhesion, and eventually infertility. Causes of the ob-
struction defect in the female tract are many and include
agenesis or imperforation at various sites of the anatomy
(Table 7). Agenesis of the mullerian structure (Mayer–
Rokitansky–Hauser syndrome) is the second most com-
mon cause of primary amenorrhea and results in the
absence of the vagina and aplasia or hypoplasia of the
uterus, such as rudimentary bicornuate cords (302). This
syndrome occurs in 1:4000–5000 girls. Renal abnormal-
ities occur in 30–40% of subjects with this syndrome
(303) and spinal abnormality has also been reported. De-
fects in the fusion of the mullerian structure caudally or
with the urogenital sinus results in abnormal development
of the uterus or uterine septum and failure to discharge
outflow. Agenesis of the vagina or cervix, transverse vag-
inal septum or imperforate hymen, idiopathic labial fu-
sion, and adhesion or secondary labial agglutination are
known causes of menstrual outflow obstruction. Endo-
metrial hypoplasia or aplasia is a rare cause of primary
amenorrhea.

2. Secondary Amenorrhea
Secondary amenorrhea in otherwise sexually healthy ad-
olescents and young women warrants pregnancy testing.
Secondary amenorrhea in patients with hyperandrogenic
disorders including PCOS, ovarian hyperthecosis, adrenal
causes of excess androgen-producing pathology, hyper-
prolactinemia, and thyroid disorders were discussed in the
previous section. Almost all known causes of hypergo-
nadotropic hypogonadism including Turner mosaicism
and other X-chromosome abnormalities and all acquired
causes of primary amenorrhea are also causes of second-
ary amenorrhea. Acquired causes of hypogonadotropic hy-
pogonadism of primary amenorrhea are also causes of sec-
ondary amenorrhea. Hypothalamic amenorrhea represents
a spectrum of disordered GnRH secretion that can vary
over time, from apulsatile to low frequency/amplitude to
low amplitude with normal frequency of LH pulses, low
frequency and normal amplitude, and normal amplitude
and frequency of LH pulses (304). The causes of hypo-
thalamic amenorrhea may be psychological in nature, re-
lated to stress, weight loss, eating disorders such as ano-
rexia nervosa and bulimia nervosa (305, 306), chronic,
high-intensity physical exercises (307), or idiopathic. The
diagnosis of hypothalamic amenorrhea is made by exclu-
sion of other probable causes and normal imaging studies
of the hypothalamic–pituitary anatomy.

3. Oligomenorrhea and Menometrarrhagia
Both decreased and increased menstrual volume with reg-
ular or irregular cycles may be caused by pregnancy com-

plications or by all of the known causes of endocrine ab-
normalities for secondary amenorrhea including PCOS,
hyperprolactinemia, thyroid disorder, Cushing syndrome,
and functional hypothalamic anovulation. Additional
causes of menometrorrhagia in adolescent females include
bleeding disorders and complications of the genital tract
such as trauma, dysplasia, polyps, foreign bodies, and in-
fection.

D. Evaluation of Menstrual Disorder

In all adolescents with menstrual disorders, a detailed his-
tory with regard to growth and secondary sex character-
istic maturation is helpful in identifying the cause of the
abnormality. Careful history of age at thelarche, pubarche,
and menarche, menstrual history, flow of menses, pres-
ence or absence of excessive weight gain during peripu-
bertal age, dysmenorrhea, cyclic pelvic pain, cyclic breast
changes, and the presence or absence of hirsutism/acne
are helpful in determining the likely cause of the men-
strual disorder. Histories with regard to nutrition, physical
training, sexual activity, weight change, dieting, body im-
age, and emotional and family dynamics are also essential
in evaluating the patient with primary or secondary amen-
orrhea or oligomenorrhea. Childhood history of illness,
chronic disease, or therapies (chemotherapy/radiation
therapy) may determine the causative factor. History-tak-
ing should also include vasomotor symptoms (hot
flashes), virilizing signs, galactorrhea, symptoms of hy-
pothyroidism, hyperthyroidism, and CNS symptoms in-
cluding headache, hearing changes, and mood changes.
Family history including maternal menstrual history, pri-
mary or secondary amenorrhea history in siblings or rel-
atives, and hyperandrogenic history are also useful. Focus
on physical examination pertinent to menstrual disorders
includes anthropometric data, vital signs, androgen ex-
cess, Turner stigmata, acanthosis nigricans in the skin,
thyroid gland, sexual maturation stage, breast discharge,
presence or absence of sexual hair and genital ambiguity,
pelvic mass or fullness in the patient with primary amen-
orrhea, and a careful gynecological patency examination
in those with normal pubertal development despite pri-
mary amenorrhea. A guideline for a logical and stepwise
approach for evaluation of primary amenorrhea, second-
ary amenorrhea, oligomenorrhea, and menometrorrhagia
is provided in Figure 8.

Excluding those with obvious hyperandrogenic man-
ifestation and sexual ambiguity, the first work-up for both
primary and secondary amenorrhea is random gonadotro-
pin level measurements. Those with unquestionably ele-
vated FSH and LH levels have primary ovarian failure
(>20 miu/ml). A karyotype study would differentiate go-
nadal dysgenesis from other causes of primary ovarian
failure. A positive antiovarian antibody study with estab-
lished specificity and sensitivity indicates autoimmune,
oophoritis while a negative antiovarian antibody finding
cannot rule out the autoimmune disorder unequivocally.
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Patients with apparently normal karyotypes and a negative
antiovarian antibody may have a micro X-chromosome
abnormality that cannot be detected by the karyotype
study. In amenorrheic patients with mildly elevated LH
levels (>10–<20 miu/ml) with normal or low FSH levels
(5–10 miu/ml), a serum androgen level study helps to
differentiate between those with androgen insensitivity
syndrome in genetic males, gonadal/adrenal 17�-hydrox-
ylase/17,20 lyase deficiency in genetic females and males,
and PCOS and hyperprolactinemia. Mildly elevated or
normal androgen levels would require a serum prolactin
level study. Patients with elevated prolactin levels require
a further imaging study of the pituitary to look for pro-
lactin-secreting pituitary adenoma. Those with a normal
prolactin level are suspected to have PCOS and will need
an additional study of fasting glucose and insulin levels
to determine insulin resistance. Pelvic ultrasound study
may be required to identify imaging of the ovaries com-
patible with PCOS.

Amenorrheic patients with normal or low random lev-
els of LH and FSH (<10 miu/ml) require prolactin and
thyroid function studies to exclude or identify these hor-
monal disorders as the cause. In patients with normal pro-
lactin and thyroid function, and normal breast develop-
ment, a careful examination of the genital tract and
progestin withdrawal test are necessary. For those with a
positive withdrawal response to progestin administration
(ie, Provera 5–10 mg orally per day for 5 days), serum
androgen level determination helps to differentiate be-
tween PCOS and hypothalamic amenorrhea. For those
with no withdrawal response to progestin administration,
a gynecological examination for genital patency is man-
datory in patients with primary amenorrhea. Those with
patency of the genital outflow tract require investigation
of hypogonadotropic hypogonadism by a GnRH or GnRH
analog stimulation test. An imaging examination of the
hypothalamic and pituitary region is necessary to exclude
an organic cause of hypogonadotropic hypogonadism or
hypothalamic amenorrhea. In patients with absent or de-
layed development of secondary sex characteristics,
normal or low random LH and FSH levels, and normal
prolactin and thyroid function, hypogonadotropic hypo-
gonadism evaluation is necessary by GnRH or GnRH an-
alog stimulation test. A pituitary imaging study is needed
to rule out an organic cause of hypogonadotropism (tu-
mor, empty sella).

E. Medical Treatment of Menstrual Disorders

Table 8 summarizes medical therapy methods commonly
used in clinical practice or reported for various menstrual
disorders in adolescent girls and young women. Delayed
puberty and primary amenorrhea irrespective of primary
or central hypogonadism requires incremental estrogen
hormone replacement therapy at the appropriate pubertal
onset age (	10–11 years) for the development of sec-
ondary sex characteristics. The most commonly used es-

trogen compound is the natural conjugated estrogen,
Premarin, for 1.5–2 years. For menstrual cycle regulation,
combined estrogen and progestagen replacement therapy
using cyclic Premarin followed by combined Premarin
and progestin compound or a low-dose or triphasic COC
may be used. Tolerance and efficacy of the cyclic hormone
replacement therapy need to be monitored. Providing in-
formation to the patient on potential side effects of COC
is a prudent measure. Poly- or intermenorrhea is generally
treated with cyclic hormonal therapy, as in cases of amen-
orrhea (308, 309).

Ovulatory menorrhagia may be treated with phar-
macological agents that reduce the volume of blood loss
during the normal menstrual cycle including tranexahic
acids, nonsteroidal anti-inflammatory drugs, cyclic pro-
gestin (Norethindrone, Provera, progestin-releasing intra-
uterine device [IUD]), and Danagel (Table 8). Dysmen-
orrhea with or without menorrhagia is generally treated
with tranexahic acid in countries outside the US and non-
steroidal anti-inflammatory agents as listed in Table 8
(308, 310–312, 315). Any heavy bleeding of a moderate
degree is generally treated with a low-dose COC 1/35
every 6–12 hours for 1–2 days with a gradual decrease
to 1 pill per day in 5 days (308, 314) followed by cyclic
COC therapy. Severe bleeding requires COC 1/50 every
6 h, as in the case of a moderate degree of bleeding if
oral treatment is well tolerated. However, hospital admis-
sion may be necessary for parenteral administration of
conjugated equine estrogen 25 mg every 4 h IV until
bleeding stops. Surgical intervention is needed if medic-
inal therapy is not effective in cessation of severe abnor-
mal uterine bleeding. An iron supplement is also neces-
sary in the patient whose serum hemoglobin is below 12
gm %.

The treatment of menstrual disorders related to PCOS
was described in the previous section and in Table 6. With
the exception of primary ovarian failure or permanent hy-
pogonadotropic hypogonadism, medical or hormonal re-
placement therapy may be offered for 6 months or so,
with a re-evaluation of menstrual function thereafter. Hy-
pothalamic amenorrhea needs to be dealt with in light of
causative factors such as eating disorders, excessive phys-
ical exercise, or emotional causes and would require mul-
tidisciplinary care including counseling, nutritional help,
and hormone replacement therapy if necessary. All other
specific organic causes would require treatment for both
the underlying organic disease and necessary hormone re-
placement therapy. For the simple and transient anovula-
tory cycle, reassurance and follow-up of patients are
needed and COC therapy for a short-term period (6
months) may be useful in cases with oligomenorrhea or
menometrorrhagia.
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The establishment of chromosomal sex (46,XY or
46,XX) is considered the first step in normal sexual dif-
ferentiation. However, the first sexual structures that
form may be considered as either primordial or neutral.
These structures have the capacity to develop along
male or female lines following the expression of spe-
cific genes at approximately 1 months after concep-1

2

tion.
The term sex determination refers to the process in

which the primordial gonad is committed to develop-
ment as a testis or as an ovary. Sex differentiation refers
to the process in which the internal accessory duct struc-
tures and external genitalia determination following dif-
ferentiation of testis and ovary (1–5).

I. GONADAL DIFFERENTIATION

A. Embryology

1. Bipotential Gonad
The bipotential gonad develops from an outpouching of
tissue on the posterior aspect of the celomic cavity on
either side of the aorta. This structure is termed the uro-
genital ridge. It consists of three regions: the pronephros,
the mesonephros, and the metanephros. The central re-
gion, the mesonephros, gives rise to the bipotential gonad
and the first renal system. The primitive gonad forms on
the medial portion of the urogenital ridge and is apparent
at about 4 weeks of gestation. It consists of cells from the
underlying mesonephric mesenchyme, cells that arise in
the celomic epithelium, cells that migrate to the gonad

from the lateral portion of the mesonephros, and germ
cells. Germ cells migrate from the yolk sac and enter the
gonadal ridge during the 5th and 6th week of gestation.
They undergo mitotic division during migration and
continue to divide after arriving in the gonadal ridge
(4, 6).

2. Testis Determination
Testis determination occurs at about 6 weeks of gestation.
The first histological evidence of this is the appearance of
Sertoli cells. These cells develop from progenitor cells
contributed by the celomic epithelium. Sertoli cells encir-
cle germ cells, form the testicular tubules, and cause mi-
totic arrest of germ cells. Sertoli cells secrete AMH and
inhibin. Leydig cells, which develop later than Sertoli
cells, are derived from cells that migrate from the meso-
nephros before testis determination occurs (7). They begin
to secrete testosterone at 7–8 weeks of gestation. Peak
serum levels of testosterone are reached by the 16th week
of gestation. After testis determination, a second migration
of cells from the mesonephros occurs. This migration is
necessary to ensure the normal formation of testicular tu-
bules (8, 9).

3. Ovarian Determination
Ovarian determination takes place at about 7 weeks of
gestation. It involves formation of follicular cells, which
are thought to arise from the same progenitor cells that
give rise to Sertoli cells. Follicular cells surround germ
cells in a loose configuration and form primordial folli-
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cles. This process is associated with arrest of germ cells
in meiotic prophase (9).

B. Genetic Control of Gonadal
Differentiation

1. Genes Involved in Formation of the
Gonadal Ridge

The homeobox gene LIM-1 plays an important role in
formation of the gonadal ridge (10, 11). Mice homozy-
gous for deletions in Lim-1 lack development of the head,
gonadal ridge, and the ureteric bud of the metanephros.
The human LIM1 gene has been identified, but no muta-
tions have been reported. A related gene termed Lhx9 is
expressed in the urogenital ridge in mice and the absence
of Lhx9 causes gonadal agenesis (12). Nonetheless, no
mutations in LHX-9 have been found in humans with ab-
normal gonadal differentiation (13).

The steroidogenic factor 1 (SF1) gene located on
chromosome 9p33 is a member of the orphan nuclear re-
ceptor family. SF-1 was first identified as an activator of
genes involved in steroid biosynthesis in the adrenals.
Later it was found that mice missing SF-1 lack adrenal
glands and gonads and have impaired development of the
ventromedial hypothalamus (14). Another gene termed
Wilms tumor repressor (WT-1) is located on chromosome
11p13 and encodes a transcription factor expressed in the
urogenital ridge, mesonephros, kidney, and gonad. It in-
fluences in the development of all three structures (15).

2. Genes Involved in Testis Determination
Evidence from early karyotype studies indicated a key
role for the Y chromosome in male sex determination. The
Y chromosomal gene implicated in this process was called
the testis-determining factor (TDF). The gene termed sex-
determining region Y (SRY) was isolated in 1990 and has
been shown to be identical to TDF (16). SRY is located
on chromosome Yp11.3, close to the pseudoautosomal
boundary. It belongs to the family of high-mobility group
(HMG) proteins, which contain a related DNA-binding
motif termed the HMG box. The SRY gene product bends
DNA, and the change in configuration of chromatin re-
sults in increased transcription of target genes. SRY ex-
pression is tightly controlled and appears to be induced
by the WT-1 gene product (15). The primary role of SRY
in male sex determination was established by the dem-
onstration that XX mice transgenic for the Sry transcript
developed as males, by the observation that sex reversal
occurred following site-directed mutagenesis of the Sry
gene, and by the identification of SRY mutations in
women with 46,XY gonadal dysgenesis.

The SOX-9 gene, located on chromosome 17q 24.3–
25.1 encodes an SRY-like protein. The SOX-9 gene be-
longs to a family that derives its name from the term SRY-
related HMG-Box gene. An increase in expression of
SOX-9 follows expression of SRY and SOX-9 may be a

target gene of SRY. Both WT-1 and SF-1 continue to be
expressed on the developing testes. SOX-9 interacts with
SF-1 in regulating the expression of antimüllerian hor-
mone (AMH) gene, and mutation of SOX-9 binding sites
in the AMH promoter results in the absence of AMH se-
cretion (17, 18).

DAX-1 is a member of the nuclear hormone receptor
superfamily. Like SF-1, DAX-1 is expressed in the bi-
potential gonad, the embryonic adrenal cortex, pituitary
gonadotropes, and in the ventromedial nucleus of the hy-
pothalamus. Expression of DAX-1 is repressed in testis
but continues in the ovary after gonadal determination.
Duplication of DAX-1 in males causes sex reversal.
Hence, DAX-1 has been termed an antitestis gene (19).
Mutations of DAX-1 result in X-linked adrenal hypoplasia
congenita (AHC), but do not cause abnormalities in go-
nadal differentiation (20).

In summary, various genes such as LIM-1, LHX-9,
SF-1, and WT-1 are involved in the formation of the go-
nadal ridge of testis determination. SRY is the trigger of
testis determination. Subsequent steps involve the expres-
sion of SOX-9 as well as continued expression of SF-1
and WT-1 (21, 22).

3. Genes Involved in Ovarian Determination
Genetic control of ovarian determination is not well un-
derstood. However, the gene termed WNT4 appears to
play a role this process and is also expressed in the mes-
enchyme surrounding müllerian ducts. Lack of WNT4
gene impairs ovarian development, and the resulting go-
nad expresses testis-specific markers such as AMH and
testosterone. Moreover, expression of WNT4 is suppressed
in the developing testis (23).

II. ANATOMICAL SEX DIFFERENTIATION
OF THE REPRODUCTIVE TRACT

A. Undifferentiated Stage

1. Müllerian and Wolffian Ducts
The reproductive tracts of the male and female fetus are
identical until 8 weeks of gestation. They consist of bi-
lateral wolffian and müllerian ducts and neutral external
genitalia (Figs. 1, 2). The wolffian, or mesonephric, ducts
are the primordia of the epididymis, vas deferens, and
seminal vesicles. Wolffian ducts form initially as the ex-
cretory canals of the primitive kidney or mesonephros,
and are incorporated into the genital system when renal
function is taken over by the definitive kidney or meta-
nephros. The müllerian, or paramesonephric, ducts are the
primordia of the fallopian tubes, uterus, and upper two-
thirds of the vagina. They originate from a cleft between
the gonadal ridge and the mesonephros, and grow parallel
to the wolffian ducts, crossing them ventrally to form a
single structure. By week 8 of gestation, the ducts reach
the dorsal wall of the urogenital sinus, where they form
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Figure 1 Phenotypic differentiation of internal ducts in male and female embryos.

the müllerian tubercle, which separates the cranial vesi-
courethral canal from the caudal urogenital sinus. The
fused tips of the müllerian ducts are separated from the
dorsal wall of the urogenital sinus by a solid mass, termed
the vaginal cord (Figs. 1, 2) (24).

Several transcription factors are involved in the dif-
ferentiation of intermediate mesenchyme to form the sex
ducts. Lim1, which plays a role in formation of the go-
nadal ridge, is also necessary for expression of transcrip-
tion factors such as Pax-2 and Hox-6 that mediate for-
mation of the accessory sex ducts. Pax-2 is expressed in
the epithelium of the wolffian ducts. Hox-6, and other
members of the Hox gene family, is expressed in the fal-
lopian tubes (Hoxa9), uterus (Hoxa 10,11), cervix
(Hoxa11), and upper vagina (Hoxa 13) (25).

The gene termed WnT4, which is involved in ovarian
development, is also necessary for development of mül-
lerian structures and kidney. Lethal renal agenesis occurs
as a result of WnT4 mutations in both males and females.
Mutations of WnT4 interrupt müllerian duct development,
although they do not interfere with wolffian duct forma-
tion. In addition, mutations of WnT-7a in mice result in
poorly developed müllerian ducts (26).

2. External Genitalia
Early development of external genitalia involves forma-
tion of the genital membrane, which closes the ventral part

of the cloaca. The cloacal membrane forms the urogenital
and anal membranes at week 6 of gestation. By week 8
the cloaca is divided into an anterior urogenital sinus and
a posterior anorectal canal. The genital tubercle is located
ventrally, the urethral folds are located medially, whereas
the genital folds or labioscrotal swellings are located lat-
erally.

B. Male Differentiation

Regression of müllerian ducts begins at 8 weeks of ges-
tation and depends on secretion of AMH. Regression of
the müllerian ducts represents an unusual pattern of cell
loss. Few cells actually die. Instead, they lose their polar-
ity and orientation and cease to divide. The basement
membrane dissolves, and a tight ring of connective tissue
forms around the cells (27). Müllerian ducts have nearly
completely disappeared by 10 weeks of gestation. Wolf-
fian ducts are stabilized and subsequently differentiate into
epididymis, vas deferens, and seminal vesicles. Mucous
epididymal secretion is demonstrable from 25 weeks of
gestation.

With respect to differentiation of the urogenital sinus,
prostatic buds appear at approximately 10 weeks of ges-
tation at the site of the müllerian tubercle and grow into
solid branching cords. Maturation of the prostatic gland
is accompanied by development of the prostatic utricle,
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Figure 2 Phenotypic differentiation of external genitalia in male and female embryos.

which is the male remnant of the vaginal pouch. Two buds
of epithelial cells, the sinoutricular bulbs, develop from
the urogenital sinus close to the opening of the wolffian
ducts and grow inward, fusing with the medial müllerian
tubercle to form the sinoutricular cord. This structure
makes contact with the caudal tip of the fused müllerian
ducts and cannnulizes at 18 weeks of gestation to form
the prostatic utricle (28).

Masculinization of the male external genitalia begins
in the 9-week-old fetus with lengthening of the anogenital
distance, fusion of the labioscrotal folds, and closure of
the rims of the urethral groove. This results in formation
of a perineal and penile urethra. Penile organogenesis is
completed by 11 weeks of gestation. The male and female
phallus is the same size until week 16 of gestation (29).

The migration of testis from the lower pole of the
kidney to the scrotum is a complex process that involves
transabdominal migration and inguinoscrotal descent. The
process starts at 12 weeks of gestation. The cranial sus-
pensory ligament connects the testis to the abdominal
wall, and the genitoinguinal ligament known as guberna-
culum connects the testis to the inguinal canal. Caudal
enlargement of the gubernaculum together with shortening
of its proximal part and regression of the cranial suspen-
sory ligament are part of the testis descent mechanism.

Transabdominal movement brings the testis to the
internal inguinal ring at midgestation, around 22 weeks.
The actual passage of the testis through the inguinal canal
into the scrotum does not occur until after week 28, and
may be delayed until the immediate postnatal period. The
mechanism of testicular descent is not fully understood
and probably results from a combination of mechanical,
genetic, and hormonal factors. Increase in intra-abdominal
pressure is an important factor in transit through the in-
guinal canal. This passage requires development of the
processus vaginalis and increased intra-abdominal pres-
sure. Factors controlling growth and differentiation of the
gubernaculum are not completely understood, and the
mechanism controlling direction of migration remains un-
known (30).

C. Female Differentiation

As mentioned previously, müllerian ducts give rise to the
fallopian tubes, uterus, and upper two-thirds of the vagina.
Beginning at 10 weeks of gestation, the wolffian ducts are
incorporated into the wall of müllerian derivatives.

In the female, the genital tubercle becomes the clit-
oris, the labioscrotal folds become the labia majora, and
the urethral folds become the labia minora. At 15 weeks,
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Figure 3 Sex differentiation of the urogenital sinus and ex-
ternal genitalia.

the lower pole of the müllerian ducts fuses with the upper
portion of the vaginal pouch to form the vagina. Later the
urogenital sinus is divided by a tissue plane that results
in a separate urethral and vaginal opening on the perineum
(Fig. 3).

III. HORMONAL CONTROL OF
SEX DIFFERENTIATION

A. Jost’s Hypothesis

Early experiments conducted by Alfred Jost have contrib-
uted greatly to our understanding of sex differentiation.
In these studies, castration of fetal rabbits at the undif-
ferentiated stages resulted in female differentiation. Uni-
lateral implantation of testosterone crystal at the site of
the testis in a castrated rabbit resulted in development
of wolffian structures but not müllerian structures regres-
sion. By contrast, unilateral reimplantation of testis re-
sulted in both development of wolffian structures and re-
gression of müllerian structures. These observations led to
the conclusion that at least two important factors are nec-

essary in the development of male reproductive sex ducts:
testosterone for wolffian duct development and so-called
müllerian inhibiting factor for regression of female ducts
(31).

B. Antimüllerian Hormone

The müllerian-inhibiting factor that Jost proposed was
later identified and named AMH. It produces the cranial–
caudal regression of müllerian ducts during weeks 8–10
of gestation. It is a dimeric glycoprotein secreted by Ser-
toli cells. Granulosa cells also secrete AMH, but not until
the critical period for müllerian regression has passed.
AMH is a member of the transforming growth factor �
(TGF-�) family, which includes inhibin, activins, and
other factors. Members of this family control growth, dif-
ferentiation, and the death of many tissues. Hormones in
TGF-� family are usually produced as large precursors,
which require cleavage to release the active hormone.
AMH is cleaved by plasmin at a site located 109 amino
acids away from the carboxyl terminus, generating the
TGF-�-like carboxyl-terminal fragment that is thought to
contain the biologically active site of AMH. The human
AMH gene has been cloned and has been mapped to the
short arm of chromosome 19 (5, 32).

The AMH receptor is a complex transmembrane ser-
ine/threonine kinase, and it is a heterodimer made up of
a type I and type II receptors. Ligand binding to the re-
ceptor results in phosphorylation and activation of the
type I receptor. The gene for the type I receptor is termed
ALK2 and the gene product signals through the bone mor-
phogenic protein (BMP) pathway (33). WnT-7a plays a
role in development of the type II receptor. Hence the
mutation of WnT-7a in male mice results in the persistence
of müllerian ducts (34). The gene for the type II receptor
has been cloned and has been mapped to chromosome 12.
This gene is expressed in the mesenchyme surrounding
the müllerian structures (35).

Serum AMH is also a marker of testicular function in
infancy, and serum levels are useful in the diagnosis and
management of patients with a variety of intersex and go-
nadal abnormalities (36). Granulosa cells of the postnatal
ovary also produce AMH, and elevated serum levels have
been reported in a case of granulosa cell tumor. Although
AMH is produced by Sertoli cells until puberty and is also
secreted by postnatal granulosa cells, its effects in both
sexes after birth has not been confirmed.

The effect of AMH on ovarian function is controver-
sial. AMH has been reported to inhibit progression of mei-
osis in oocytes and to result in masculinization of the fetal
ovary. In a freemartin, a bovine female united to a male
twin by placental anastomoses, ovaries are either reduced
to fibrous streaks or have evidence of testicular determi-
nation. When ovaries grown in a culture are exposed to
AMH or when fetal mice overexpressed AMH, ovaries are
masculinized. AMH also sex-reverses the pattern of ste-
roidogenesis in the fetal ovary by inhibiting aromatase
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activity (5). Despite the masculinizing effect on fetal ova-
ries, AMH is not required for testicular development be-
cause mutations impairing AMH production do not affect
testicular organogenesis.

C. Testosterone

Leydig cells appear between weeks 7 and 8 in the human
fetus and proliferate until the 18th week of gestation. Hu-
man chorionic gonadotropic (hCG) receptors are present
on fetal cells by at least 12 weeks of gestation. Gonadal
steroidogenesis in the fetal gonads involves five enzy-
matic steps: steroidogenic acute regulatory protein
(StAR), side chain cleavage (P450scc), 3�-hydroxydehy-
drogenase (3�HDS), 17-hydroxylase/17-20 desmolase
(P45017), and 17�-hydroxysteroid dehydrogenase. The
number of Leydig cells decreases after 18 weeks of ges-
tation and, indeed, few Leydig cells are visible by that
time. Serum and testicular testosterone concentrations in-
crease to a peak of about 300 ng/dl (range, 200–600) at
15–18 weeks of gestation. After 15 weeks, a low level of
testosterone is maintained by hCG. A decrease in testos-
terone synthesis later in gestation is correlated with a de-
crease in LH/hCG receptors. During the second half of
pregnancy, LH becomes the principal regulator of testos-
terone secretion. LH secretion is regulated in part by tes-
tosterone through a negative feedback at the level of the
hypothalamus. In male infants, serum testosterone levels
rise again during the first 2 days of life, decline until the
end of the first week, and then peak at 2 months of age.
By 6 months, testosterone levels reach typical prepubertal
levels (37).

D. Mechanism of Testosterone and
Dihydrotestosterone Action in
the Reproductive Tract

Testosterone enters most cells by passive diffusion, al-
though it has been suggested that the wolffian duct takes
up testosterone by pinocytosis. In target tissues, testoster-
one is converted to dihydrotestosterone (DHT) by steroid
5 �-reductase. The conversion of testosterone to DHT is
necessary for sex differentiation of male external genitalia.
There are two explanations for this. First, DHT binds to
the androgen receptor with greater affinity than does tes-
tosterone. Second, DHT cannot be aromatized, and thus
its action is purely androgenic. Although masculinization
of prostrate, urogenital sinus, and external genitalia de-
pends on DHT, proliferation of wolffian ducts occurs in
the presence of testosterone alone. This may happen be-
cause the internal ducts are exposed to high local concen-
trations of testosterone.

There are two forms of steroid 5�-reductase, one hav-
ing optimal activity at pH 5.5 and the other at pH 8. The
former enzyme, which is the predominant form in the
prostrate, is called steroid 5�-reductase 2. The steroid 5�-
reductase 2 mediates conversion of testosterone to DHT

in the external genitalia. The gene has been mapped to
chromosome 2. By contrast, the enzyme termed steroid
5�-reductase 1 does not appear to play a role in differ-
entiation of the reproductive tract. This gene has been
mapped to the short arm of chromosome 5, band 15.

Binding of DHT to the androgen receptor is necessary
for androgen effect (38). The androgen receptor has been
cloned and is located on the long arm of the X chromo-
some near the centromere (Xq11-q12) (39). The androgen
receptor is a member of a superfamily of nuclear receptors
that includes the progesterone, glucocorticoid, mineralo-
corticoid, estrogen, thyroid hormone, vitamin D, vitamin
A, and v-Erb receptors. The androgen receptor consists of
eight exons encoding a protein of approximately 919
amino acids. Exon 1 encodes the N-terminal transcription
activation domain. Exons 2 and 3 encode the DNA-bind-
ing domain, exons 4–8 the steroid binding domain (15).
The DNA-binding domain consists of two cysteine-rich
zinc fingers, and also encodes sequences for dimerization
and translocation of the receptor to the nucleus. The tran-
scriptional activation domain contains variable trimeric re-
peats. GGN repeats encode 16–27 glycine residues, CAG
repeats encode 11–31 glutamine repeats. Heat shock pro-
teins HSP 56, 70, and 90 are bound to the inactive recep-
tor and binding of androgen results in their release. Sub-
sequent conformational changes permit homodimerization
and binding to response elements in target genes (40, 41).

Various coactivators also play a role in the function
of the androgen receptor. These proteins interact with ste-
roid hormone receptors to increase transcription of target
genes. Binding sites for activation factors AF-1 and AF-
2 are present in all of the steroid hormone receptors. AF-
1 and AF-2 are synergistic in their effects on the receptor
(42). Members of the steroid receptor coactivator (SRC)
family appear to increase transcription by recruiting other
coactivators factors to the receptor coactivator complex.
Factors such as AP-1 and the small nuclear ring finger
protein (SNURF) also influence receptor mediated tran-
scription of target genes (43). Coactivator ARA-24 binds
to the transactivation domain and increases transcription
of target genes (44).

E. Estrogen

The biological effects of estrogens are mediated by estro-
gen receptors (ER). Estrogen diffuses freely into cells
where it binds to ER in the nucleus. The ER–ligand com-
plex dimerizes, binds to the estrogen response elements,
and hence modulates transcription of estrogen-regulated
genes. Two estrogen receptors, � and �, have similar af-
finity and specificity. The human estrogen receptor � has
been detected as early as 13–20 weeks of gestation with
highest levels being found in the adrenals, and in the male
reproductive tract (45). Expression of the ER � and � has
been identified in the uterus at the beginning of the second
trimester and plays a role in uterine development.
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Table 1 Classification of Genetic Abnormalities of
Gonadal Differentiation

46,XY gonadal dysgenesis
46,XY complete gonadal dysgenesis
46,XY partial gonadal dysgenesis
46,XY true hermaphroditism
Embryonic Testicular Regression Sequence

Mosaicism and chimerism involving the Y chromosome
46,XX sex reversal

46,XX maleness
46,XX true hermaphroditism.

Estrogen has also been implicated in several patho-
logical states of male sexual differentiation. For example,
prenatal exposure to estrogens can result in cryptorchi-
dism possibly by inhibiting the insulin-like factor 3. Hy-
pospadias, epididymal cysts, persistent Müllerian ducts,
and prostatic disease have also been related to prenatal
exposure to estrogen in males. ER � is essential for fluid
reabsorption in the efferent ductulus and its absence re-
sults in infertility (46). In the female embryo, ER � and
� are detected on epithelium of the oviduct and may mod-
ulate oviduct development. ER gene expression has also
been identified in the uterus beginning in the early second
trimester of fetal development, suggesting a role for ER
in differentiation of primitive uterine mesenchyme in
stromal and myometrial compartments.

F. Environmental Factors

A recent increase in incidence of developmental abnor-
malities of the reproductive tract has been noted and has
raised great concern. For example, there has been increase
in prevalence of cryptorchidism, hypospadias, and micro-
penis over the past 20–30 years. This has been attributed
in part to fetal exposure to environmental compounds with
estrogenic effects (xenoestrogens), such as herbicides,
pesticides, polychlorinated biphenyls (PCBs), plasticizers,
and polysterenes, as well as exposure to antiandrogens
such as polyaromatic hydrocarbons, linuron, vinclozolin,
and pp�-dichlorodiphenyl ethylene (pp�DDE). Such envi-
ronmental agents are generally referred to as endocrine
disruptors (47).

Xenoestrogens and antiandrogens can disrupt andro-
gen effect by different mechanisms. Various explanations
have been proposed, including competition for binding to
the androgen receptor, diminished conformational change,
as well as suboptimal nuclear transfer, DNA binding, and
transcriptional activation. Most antiandrogens interact di-
rectly with the androgen receptor. Environmental antian-
drogens such as the fungicide vinclozilin disrupt male sex
differentiation by blocking androgen receptor (AR) bind-
ing to androgen response elements. DDE, a DDT metab-
olite that accumulates in the environment, inhibits human
androgen receptor transcriptional activation (48). Expo-
sure of male fetus to antiandrogens results in diminished
masculinization. Xenoestrogens influence male differen-
tiation by interacting indirectly with either ER � or ER
�. Hypospadias has been related to estrogen exposure dur-
ing the first trimester and the occurrence of genital ab-
normalities in sons of women exposed to diethylstilbestrol
(DES) is well documented. At least 20% of these men had
epididymal cysts, hypospadias, and cryptorchidism (49).

IV. AMBIGUOUS GENITALIA

Conditions with ambiguous genitalia are classified into
three major categories: abnormalities of gonadal differ-
entiation, male pseudohermaphroditism, and female pseu-
dohermaphroditism.

A. Genetic Abnormalities of
Gonadal Differentiation

1. 46,XY Gonadal Dysgenesis
Abnormalities of gonadal differentiation in individuals
with a 46,XY karyotype can be subdivided into 46,XY
complete gonadal dysgenesis, 46,XY partial gonadal dys-
genesis, and 46,XY true hermaphroditism. Although each
of these conditions has a distinct phenotype, there is con-
siderable overlap. Another condition, termed testicular re-
gression sequence, has various causes, but some evidence
suggest that the condition is also related to 46,XY partial
gonadal dysgenesis (see Table 1).

a. Complete. The 46,XY complete gonadal dys-
genesis is defined by absence of testis determination de-
spite nonmosaic male karyotype. The condition is char-
acterized by normal female external genitalia and streak
gonads. The terms Swyer syndrome and 46,XY pure go-
nadal dysgenesis have also been used to describe this con-
dition.

Clinical presentation. Most subjects with 46,XY
complete gonadal dysgenesis present for evaluation of de-
layed puberty or amenorrhea. Subjects are usually normal
in appearance and most have normal height, although
some have stigmata of Turner syndrome.

Breast development is present in a few subjects. Pre-
sentation of breast tissue and/or menses in subjects with
46,XY complete gonadal dysgenesis is of concern as it
may signal the presence of an estrogen-secreting tumor.
There is normal development of pubic hair in women with
46,XY complete gonadal dysgenesis, but in some individ-
uals the clitoris may be slightly enlarged (50). Physical
examination and ultrasonography indicate normal vagina,
uterus, and fallopian tubes. There is an absence of wolf-
fian structures. When subjects present as adolescents or
adults, serum levels of luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) are abnormally elevated.
Serum estradiol levels are usually low, but may be ele-
vated in the presence of an estrogen-secreting tumor.
Plasma levels of testosterone are normal or slightly ele-
vated due to the effect of abnormally elevated serum LH
on residual theca cells in the streak gonad. The latter ob-
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servation provides an explanation for the clitoromegaly in
some subjects (51).

Gonadal histology. This is usually characterized by
a wavy fibrous connective tissue, which in part resembles
ovarian stroma. Some evidence indicates that the streak
gonad of 46,XY complete gonadal dysgenesis was an
ovary in utero, which then degenerated into a streak later
in gestation (50).

Gonadal tumors occur in 30% of subjects with 46,XY
complete gonadal dysgenesis. Although tumors usually
develop after puberty, they may be present earlier. The
most common tumor is gonadoblastoma. About half of
subjects with gonadoblastoma have coincidental dysger-
minoma. Although gonadoblastoma is generally consid-
ered a carcinoma in situ, dysgerminoma is a malignant
tumor. Other malignant tumors also occur but are unusual.
They include embryonal carcinoma, endodermal sinu tu-
mor, choriocarcinoma, and immature teratoma (52).

Management. Management of women with 46,XY
gonadal dysgenesis involves gonadectomy to prevent ma-
lignancy followed by cyclical hormonal therapy to pro-
mote normal pubertal development and normal maturation
of bones. Since the uterus is normal, pregnancy can be
achieved following in vitro fertilization of a donor egg
and implantation of the embryo.

b. Partial. 46,XY partial gonadal dysgenesis is de-
fined by incomplete testis determination in an individual
with a nonmosaic 46,XY karyotype. This condition has
also been referred to as dysgenetic male pseudoher-
maphroditism and 46,XY mixed gonadal dysgenesis. It is
differentiated from 45,X/46,XY mixed gonadal dysgene-
sis, in which condition the pathology is related to mosa-
icism.

Clinical presentation. Individuals with this condi-
tion usually present ambiguous genitalia in the newborn
period, with variable degree of masculinization. A
utriculovaginal pouch is present in a large number of sub-
jects. Proliferation of wolffian ducts depends on the extent
of embryonic testosterone secretion, whereas the extent of
müllerian duct development depends on the secretion of
AMH. Gonads are usually intra-abdominal, but in some
individuals they may be found in the inguinal canal or in
the scrotum. Serum levels of plasma testosterone are low
in the newborn period, as are levels following hCG stim-
ulation. If the diagnosis is made after puberty, serum lev-
els of LH and FSH are abnormally high, whereas plasma
levels of testosterone are normal or low (50).

Stigmata of Turner syndrome are present in approx-
imately one-quarter of subjects with 46,XY partial go-
nadal dysgenesis. The explanation for this physical finding
is unknown, but many of these cases may have hidden
mosaicism with a 45,X cell line.

In some subjects, 46,XY gonadal dysgenesis is as-
sociated with specific syndromes. One example is the con-
dition termed WAGR, which has Wilms’ tumor, aniridia,
gonadal dysgenesis, and mental retardation. Other condi-

tions associated with Wilms tumor and gonadal dys-
genesis include Denys-Drash and Frasier syndromes, both
of which are characterized by progressive nephropathy.
Another syndrome, termed campomelic dysplasia, is an
autosomal dominant condition characterized by abnormal
growth of long bones and abnormal testis determination.
Subjects with complex rearrangement of chromosome 9
can also present 46,XY partial gonadal dysgenesis in as-
sociation with multiple congenital anomalies (53).

Gonadal histology. Gonadal abnormalities in 46,XY
partial gonadal dysgenesis include formation of streak go-
nads and dysgenetic testes. Streak gonads are similar to
those found in subjects with 46,XY complete gonadal dys-
genesis, except that they may be more fibrotic. The dys-
genetic testes in these individuals are characterized by
disordered, poorly formed seminiferous tubules and in-
complete formation of the tunica albuginea (50).

Gonadal tumors. The risk of gonadal tumor in sub-
jects with 46,XY partial gonadal dysgenesis is 16–30%.
The types of tumors are like those of 46,XY complete
gonadal dysgenesis. However, caution is necessary in
management of these patients, since tumors have occurred
as early as 15 months of life (54).

Management. Surgical correction of the external
genitalia should be performed. There is also need to re-
move internal ducts structures that correspond to those of
the opposite sex of rearing. If the child is raised as a boy,
streak gonads should be removed, and dysgenetic gonads
should be brought into the scrotum or, if this is not pos-
sible, they should be removed. Although the risk of ma-
lignancy remains even if the gonads are in the scrotum,
the development of tumors can be ascertained by careful
and regular physical examination. Dysgenetic testes may
produce testosterone at puberty, but testosterone therapy
is often necessary. If the individual is raised as a female,
gonadal tissue should be removed to avoid the possibility
of malignancy and to prevent virilization later in life.

Subjects raised as females will require cyclical hor-
monal therapy at puberty for development of secondary
sexual characteristics. Menses can be achieved by hor-
monal supplementation if the uterus is intact.

c. 46,XY True Hermaphroditism
Clinical presentation. The 46,XY true hermaphro-

ditism is characterized by the presence of gonadal tissue
that contains both ovarian follicles and normal-appearing
seminiferous tubules in a patient with a male karyotype.
Patients usually have ambiguous genitalia, although gen-
italia range in appearance from completely female to com-
pletely male. There is a mix of wolffian and müllerian
duct structures depending on development of testicular tis-
sue. Management is the same as that of subjects with
46,XY gonadal dysgenesis (55).

Gonadal histology. The presence of an ovary on one
side of the abdomen and a testis on the other side is found
in about 50% of patients. In other cases, one or both of
the gonads can be ovotestis. The risk of gonadal tumors
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in subjects with 46,XY true hermaphroditism is approxi-
mately 10% (52).

d. Embryonic Testicular Regression Sequence.
This condition is characterized by loss of testicular tissue
on one or both sides of the abdomen in an individual with
46,XY karyotype. Patients have ambiguous or female gen-
italia with abnormal differentiation of internal sex ducts.
It is thought that loss of the testicular tissue in this syn-
drome occurs during the critical period of sex differenti-
ation. Early loss of testicular tissue may be associated
with female external genitalia, whereas ambiguous geni-
talia implies loss of testis at a slightly later stage (56).

Some evidence suggests that the cause of the testic-
ular regression sequence is related to 46,XY partial go-
nadal dysgenesis. This is based on cases in which there is
testicular loss on one side and evidence of dysgenesis on
the opposite side. Other causes of embryonic testicular
regression sequence include teratogenic effect and vas-
cular accidents (54, 57, 58).

Embryonic testicular regression sequence is differ-
entiated from the vanishing testis syndrome in which there
is normal sex differentiation in an individual with 46,XY
and loss of testicular tissue on one or both sides. In this
condition the loss of testicular tissue is likely to have oc-
curred in later part of gestation and may be related to fetal
testicular torsion (54).

e. Causes of 46,XY Gonadal Dysgenesis. Dele-
tions of the distal region of the short arm of the Y chro-
mosome including SRY have been associated with 46,XY
complete gonadal dysgenesis. Physical findings of
Turner syndrome are present in most of these patients
(59).

Mutations of SRY account for approximately 15% of
patients with 46,XY complete gonadal dysgenesis. Most
of these mutations are in the HMG box and some of them
have been shown to reduce binding of SRY to DNA or to
reduce the SRY-induced bending of DNA (15). Two mu-
tations of SRY outside of the HMG box have been re-
ported in association with 46,XY complete gonadal dys-
genesis. In addition, large deletions 5� and 3� to the SRY
gene have been detected (60, 61).

With respect to 46,XY partial gonadal dysgenesis, a
point mutation outside of the HMG box was reported in
one patient (62). In another case, a large deletion 3� to
the SRY gene was implicated (61). However, for the most
part, SRY mutations in this condition are rare.

46,XY true hermaphroditism has been attributed to a
point mutation of SRY in one subject. In addition, 46,XY
true hermaphroditism has also been related to a postzy-
gotic somatic point mutation in the SRY gene (63). These
observations underscore the possible relationship between
46,XY partial gonadal dysgenesis and 46,XY true her-
maphroditism.

Mutations of WT-1, SF-1, and SOX-9 have also been
implicated in 46,XY gonadal dysgenesis. Large deletions
of DNA involving the WT-1 gene can result in the WAGR

syndrome. Mutations in a coding region of WT-1 can re-
sult in syndromes characterized by Wilms tumor and
46,XY gonadal dysgenesis or syndromes with Wilms
tumor, 46,XY gonadal dysgenesis, and progressive ne-
phropathy. Recent studies have indicated that there are
two splice variants of the WT-1 gene. Mutation in alternate
transcripts has been proposed as the explanation for the
presence of these two presentations (64).

A mutation in the SF-1 gene was reported in an in-
dividual with complete gonadal dysgenesis and adrenal
failure. Individuals with duplication of the short arm of
the X chromosome that include DAX-1 also have 46,XY
gonadal dysgenesis. However, mutations of DAX-1 result
in adrenal hypoplasia and hypogonadotropic hypogonad-
ism but no abnormality of sex differentiation (65).

Mutations of the SOX-9 gene can result in campo-
melic dysplasia and 46,XY gonadal dysgenesis (66). Var-
ious missense mutations have been reported. Both 46,XY
complete and 46,XY partial gonadal dysgenesis have been
associated with these mutations. In addition, rearrange-
ments of the locus encoding the SOX-9 gene have also
been reported. There are no patients to date with 46,XY
gonadal dysgenesis who have SOX-9 mutations who do
not also have campomelic dysplasia.

2. Mosaicism and Chimerism Involving the
Y Chromosome

Mosaicism and chimerism occur when cells with two or
more karyotypes are found in the same individual. In the
case of mosaicism, cells are all derived from the same
zygote, and the various karyotypes usually result from
nondisjunction. By contrast, chimerism occurs when cells
are derived from two zygotes. The cause may be double
fertilization or fusion of two embryos.

The most common form of mosaicism involving the
Y chromosome is that in which there is a 45,X/46,XY
karyotype, a condition often referred to as mixed gonadal
dysgenesis. It was originally thought that most subjects
with 45,X/46,XY mixed gonadal dysgenesis had ambig-
uous genitalia. More recently, it has been recognized that
90–95% of subjects with 45,X/46,XY karyotypes have
normal male external genitalia. However, many subjects
have abnormal testicular histological findings.

Subjects with abnormal sex differentiation usually
present in the newborn period and many of them have
stigmata of Turner syndrome. Gonadal tumors occur in
10–20% of subjects with 45,X/46,XY karyotypes and ab-
normal sex differentiation. The management of these
patients is similar to that of subjects with 46,XY partial
gonadal dysgenesis. Complications associated with the
Turner phenotype need to be addressed. In particular,
therapy with growth hormone should be considered for
patients with subnormal growth. Other forms of mosai-
cism involving the Y chromosome, such as 45,X/47, XYY
and 45,X/ 46,XY/47, XYY, are extremely uncommon
(54, 67).
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Table 2 Classification of Male Pseudohermaphroditism

hCG/LH receptor dysfunction (Leydig cell aplasia/
hypoplasia)

Testosterone biosynthesis defects
StAR deficiency (congenital lipoid adrenal hyperplasia)
3 �-hydroxysteroid dehydrogenase/�5 isomerase type 2

deficiency
CYP17 (17 �-hydroxylase/17,20 lyase) deficiency
CYP17 (17,20lyase) deficiency
17�-HSD deficiency

Peripheral unresponsiveness to androgens
Steroid 5 �-reductase type 2 deficiency
Androgen insensitivity syndrome

Complete androgen insensitivity syndrome
Partial androgen insensitivity syndrome
Infertile men
Kennedy syndrome

Persistent müllerian duct syndrome

Chimerism may be the cause of a 46,XX/46,XY kar-
yotype in some individuals. The most common presenta-
tion of these subjects is true hermaphroditism, although
some present a clinical picture similar to 46,XY partial
gonadal dysgenesis (54, 68).

3. 46,XX Sex Reversal
The term 46,XX sex reversal comprises two conditions:
46,XX maleness and 46,XX true hermaphroditism. In ad-
dition, 45,X sex reversal has been reported.

The 46,XX maleness is a condition in which individ-
uals have testis determination despite a nonmosaic 46,XX
karyotype. The phenotype of 46,XX males is very similar
to that of Klinefelter syndrome. In particular, most af-
fected subjects have normal male phenotype, although
about 15% have hypospadias or ambiguous genitalia. Like
subjects with Klinefelter syndrome, the majority of in-
dividuals present for evaluation of delayed puberty and
gynecomastia. Hormonal evaluation indicates abnormally
elevated serum levels of LH and FSH. Plasma testosterone
concentration may be normal or somewhat low. Manage-
ment may involve supplementation with testosterone and
surgical correction of gynecomastia (69).

The 46,XX true hermaphroditism is characterized by
the presence of both ovarian and testicular tissue in an
individual with nonmosaic 46,XX karyotype. Although
the clinical phenotype is variable, most affected subjects
have ambiguous genitalia and a mix of müllerian and
wolffian structures. Surgical correction of external geni-
talia and subsequent hormonal supplementation depend
upon sex of rearing. Only about 4% of subjects with
46,XX true hermaphroditism develop gonadal tumors.

Subjects with 45,X maleness have normal testicular
determination but frequently have micropenis, cryptorchi-
dism, and azoospermia. There are also may be other as-
sociated problems such as developmental delay, short stat-
ure, and congenital anomalies. This condition is extremely
unusual. Some individuals with apparent 45,X sex re-
versal may have hidden mosaicism with the Y-bearing
cell line.

More than two-thirds of 46,XX males have a trans-
location of SRY from the paternal Y to the paternal X
chromosome and inheritance of the translocated X. By
contrast, most subjects with 46,XX true hermaphroditism
and one-third of 46,XX males lack SRY. In these patients,
it is necessary to exclude mosaicism. An explanation for
46,XX sex reversal in the absence of SRY has been pro-
posed (70). It is based on the hypothesis that male sex
determination is repressed and that testes determination
involves derepression. This theory invokes the existence
of a repressor of testis determination. In this model mu-
tation of the putative repressor could permit male sex de-
termination in the absence of SRY. However, such a re-
pressor has not been identified.

Recent studies of a single individual with SRY-neg-
ative 46,XX maleness implicated a duplication of the lo-

cus containing the SOX-9 as the cause of 46,XX sex
reversal. Several other reports also described duplication
of chromosome 22 in 46,XX in true hermaphroditism
(71, 72).

B. Male Pseudohermaphroditism

Male pseudohermaphroditism is a condition in which in-
dividuals have a 46,XY karyotype, normal testis deter-
mination, but incompletely masculinized external genita-
lia. The appearance of the genitalia ranges from
completely female to slightly feminized external genitalia
with only hypospadias and cryptorchidism (see Table 2).
Male pseudohermaphroditism includes Leydig cell apla-
sia/hypoplasia, defects of testosterone biosynthesis, ste-
roid 5-� reductase type 2 deficiency, and androgen in-
sensitivity. Defects in synthesis or function of the
antimüllerian hormone can also be considered part of this
group.

1. Leydig Cell Aplasia/Hypoplasia:
Abnormalities of hCG/LH Receptor

Subjects with Leydig cell aplasia have normal female-
appearing genitalia. By contrast, subjects with Leydig
cell hypoplasia have a wide range in clinical presentation
from micropenis to severe hypospadias. In both severe
and mild form, there is absence of müllerian structures
due to the secretion of AMH. Testes may be located in
the abdomen, inguinal canals, or labia majora. Testoster-
one production is in the normal to low range depending
on the severity of the condition. Sertoli cells are normal,
but there is hyalinization of the seminiferous tubules and
incomplete spermatogenesis.

Leydig cell aplasia and hypoplasia may be caused by
mutations of the hCG/LH receptor. Deletions, nonsense
mutations, or frame shift mutations diminish binding of
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hCG/LH or adversely affect signal transduction. Most pa-
tients with these autosomal recessive mutations are ho-
mozygotes or compound heterozygotes (73).

2. Defects of Testosterone Biosynthesis
Five enzymatic defects in testosterone biosynthesis have
been described. Three of the defects—StAR deficiency,
3�-hydroxysteroid dehydrogenase deficiency (3� HSD),
and P-450 c17 hydroxylase deficiency—are associated
with decreased secretion of cortisol and aldosterone as
well as gonadal steroids. Specific guidelines for evaluation
and management of adrenal insufficiency and salt-losing
crisis are described in Chapter 7. The other two enzymes,
17,20-desmolase and 17-ketoreductase, are only required
for androgen secretion, and only manifest sexual ambi-
guity. The pattern of inheritance in each of these defects
is autosomal recessive.

The phenotype of affected individuals depends on the
extent of testosterone secretion and ranges from com-
pletely female to almost male. Hence it is impossible to
differentiate these conditions on the basis of the external
genitalia. The testis may be situated within the labioscrotal
folds, inguinal canals, and abdomen. The wolffian deriv-
atives are normally developed or hypoplastic, depending
on the severity of the testosterone biosynthetic block.
Müllerian structures are absent because the secretion of
AMH by Sertoli cells is unaffected.

Subjects raised as males may require surgical correc-
tion of the external genitalia and surgery for cryptorchi-
dism. Individuals raised as females will require removal
of gonads and wolffian structures and may require revi-
sion of external genitalia.

a. Steroidogenic Acute Regulatory Protein Defi-
ciency (Congenital Lipoid Adrenal Hyperplasia). Phe-
notypic presentation varies, but external genitalia are fe-
male in most cases and wolffian ducts are hypoplastic.
Computed tomography (CT) or magnetic resonance im-
aging (MRI) of the abdomen demonstrates large adrenal
glands secondary to the accumulation of cholesterol and
cholesterol esters. Its incidence is greater in people of Jap-
anese, Korean, and Palestinian descent (51).

Lack of glucocorticoid, mineralocorticoid, and andro-
gen secretion occurs because the StAR protein is defec-
tive. This enzyme is responsible for the transfer of cho-
lesterol from outer to inner mitochondria membrane and
is the first rate-limiting step in acute steroid synthesis.
This condition is associated with the most profound defect
of steroidogenesis, and subjects with the complete form
of the defect have salt-losing crisis early. The majority of
mutations causing congenital lipoid adrenal hyperplasia
(CLAH) are in the exons 5–7 of the StAR gene (74).

Earlier studies suggested that defects in CYP11A, the
gene for the P450 side chain cleavage (CYP450scc), was
responsible for this disorder. However, genetic analysis of
this gene proved normal in patients with lipoid CAH. Ho-
mozygous P450scc mutations can cause spontaneous

abortions through lack of progesterone synthesis. How-
ever, haploinsufficiency of P450scc may resemble a late
onset of congenital lipoid adrenal hyperplasia (75).

b. 3�-Hydroxysteroid Dehydrogenase Deficiency.
3�-hydroxysteroid (HSD) dehydrogenase catalyzes the
conversion of 3�-hydroxy-, �5-steroids to �4-3-keto-ste-
roids (pregnenolone to progesterone, 17-hydroxypreg-
nenolone to 17-hydroxyprogesterone, and dehydroepian-
drosterone [DHEA] to androstenedione). Hormonal
abnormalities are characterized by increased plasma levels
of pregnenolone, 17-hydroxypregnenolone, and DHEA.

Deficiency of 3,�HSD II impairs both adrenal and
gonadal steroidogenesis. Genotypic males with the com-
plete form have female genitalia, and salt-losing crisis
shortly after birth. Subjects with the partial form have
ambiguous genitalia and no salt wasting.

Two genes encode 3,�HSD: type I for placental, skin
and breast tissues, and type II gene for adrenal and go-
nads. Type I and II are 93.5% homologous. These genes
belong to the aldo-keto-reductase family rather than the
cytochrome P450 family. At least 31 mutations of
3,�HSD type II have been identified in this disorder, in-
cluding splicing, frame deletions, nonsense, frameshift,
and 22 missense mutations. The salt-losing form generally
results from severe mutations and is associated with ab-
sence of functional 3,�HSD. By contrast, the non-salt-
losing form usually results from missense mutation (76).

c. CYP17 (17�-hydroxylase/17,20-lyase) Deficiency.
Affected individuals with a 46,XY karyotype have phe-
notypes ranging from normal-appearing female external
genitalia with short vagina in the complete form to am-
biguous genitalia in the partial form. The testes are located
intra-abdominally, in the inguinal canal, and in the la-
bioscrotal folds. Although cortisol production is subnor-
mal, accumulation of corticosterone results in normal glu-
cocorticoid effect. However, an abnormally high level of
desoxycorticosterone (DOC) results in hypertension. In
the partial form there is subnormal virilization at puberty.
Gynecomastia occurs in some subject. Serum levels of
FSH and LH, 11-deoxycorticosterone, corticosterone, and
progesterone are elevated. Levels of plasma renin activity,
aldosterone, and cortisol are decreased. Glucocorticoid
supplementation is indicated to reduce abnormally ele-
vated levels of DOC. Hypertension, hypokalemia, and hy-
poreninemia normalize with glucocorticoid treatment. At
puberty gonadal steroid hormone replacement may be
necessary (77, 78).

Although 17�-hydroxylase and 17,20 lyase are en-
coded by the same gene and both activities are mediated
by the same protein, there are situations in which 17�-
hydroxylase activity is preserved but 17,20 lyase is de-
fective. Cases of CYP17 deficiency have been related to
mutations resulting from deletions, premature truncation,
frameshift, and splicing errors. Enzymatic activity of the
mutant protein correlates with phenotype. If the 17�-hy-
droxylase activity is less than 25% of normal, affected
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46,XY subjects have feminized external genitalia. Hence,
enzymatic activity greater than 25% results in normal fetal
masculinization (79).

d. P-450c17 (17,20 Lyase) Deficiency. Affected
46,XY subjects present a range in the appearance of ex-
ternal genitalia according to the severity of the defect.
Plasma levels of 17-hydroxysteroids are normal. Plasma
levels of DHEA and androgens are decreased, as are levels
of 24-hour urinary 17-ketosteroids. The ratio of 17-hy-
droxyprogesterone/androstenedione after human chorionic
gonadotropin stimulation is abnormally elevated (>10). At
puberty, proper gonadal steroid replacement is required
for development of secondary sexual characteristics.
CYP17 mutations that cause isolated 17,20 lyase defi-
ciency in 46,XY subjects have been reported. Mutations
in the redox partner-binding site of CYP17 can also cause
selective loss of 17, 20 lyase activity (80).

e. 17,�-Hydroxysteroid Dehydrogenase Deficiency.
This condition is characterized by failure to convert an-
drostendione to testosterone. Subjects usually present fe-
male external genitalia but some have ambiguous genitalia
with a minimal degree of masculinization. Marked virili-
zation occurs at puberty with muscular development, en-
largement of the phallus, and development of pubic hair.
However, gynecomastia is almost always present. Subjects
have an increased ratio of androstenedione to testosterone
in baseline samples or following hCG stimulation. Base-
line serum levels of LH and FSH are markedly elevated
at puberty.

Five isoenzymes of 17�HSD catalyze the reduction
of androstenedione to testosterone, DHEA to androstene-
dione, and estrone to estradiol. The type 3 isoenzyme is
expressed in the testis, where it catalyzes the reduction of
androstenedione to testosterone. Its gene is located on
chromosome 9q22. To date, at least 20 clinically signifi-
cant mutations in the HSD17 �3 have been found includ-
ing missense, so-called splice junction abnormal-like, and
frame-shift mutations. Variation in phenotype has been
observed among members of the same kindred (81, 82).

3. Peripheral Unresponsiveness to Androgens
Absent or diminished androgen action in target cells can
also result in male pseudohermaphroditism. Two forms
have been described: an error in conversion of testoster-
one to DHT, and insensitivity to androgens.

a. Steroid 5�-Reductase Deficiency. Deficiency of
the enzyme steroid 5�-reductase is a rare disorder that
results in low plasma levels of DHT and abnormal differ-
entiation of male external genitalia. In the newborn pe-
riod, affected subjects present with feminized external
genitalia with small phallus, chordee, bifid scrotum, and
a urogenital sinus that opens onto the perineum. Testes
are found in the inguinal canal or labioscrotal folds. Mül-
lerian ducts are absent but wolffian ducts are well differ-
entiated except for the ejaculatory ducts, which end in

a blind vaginal pouch or in the perineum, close to the
urethra.

At puberty, spontaneous virilization occurs and the
body habitus becomes very muscular. The phallus en-
larges up to 8 cm in length, and the labioscrotal folds
become rugated and pigmented. Testes enlarge and de-
scend into the labioscrotal folds. Acne, facial hair, and
enlargement of the prostate do not occur, indicating that
these changes are dependent on DHT. There is no gyne-
comastia. In a study of affected individuals in the Domin-
ican Republic, almost all individuals initially raised as fe-
males adopted male gender identity during puberty.
Although the majority of patients are infertile, paternity
has been reported in subjects with the mild form of the
condition (83).

In adult males, the plasma concentration of DHT is
low despite normal or slightly elevated levels of testos-
terone (T). The T/DHT ratio is >36 (normal, 8–16). Se-
rum plasma LH levels are elevated, suggesting a role for
DHT in negative feedback at the level of the hypothala-
mus. FSH levels are normal or high, reflecting damage to
seminiferous tubules. In the newborn period, the T/DHT
ratio is high. During infancy and childhood, hCG stimu-
lation also results in normal serum levels of testosterone,
but subnormal serum levels of DHT. In the first few
months of life, when plasma levels of testosterone and
DHT are detectable, the normal T/DHT ratio is a value
less than 12. Following hCG stimulation, normal boys
from 17 days to 6 months have a T/DHT ratio of 5.2�1.5.
T/DHT ratio of 11�4.4 is considered normal in boys from
6 months to 14 years. Abnormally high T/DHT ratios in-
dicate 5� reductase deficiency (84).

46,XX subjects with 5�-reductase deficiency have a
normal female phenotype and normal puberty, but de-
creased axillary and pubic hair. Although menarche is de-
layed, fertility is normal (83).

The pattern of inheritance in 5�-reductase deficiency
is autosomal recessive involving homozygous or com-
pound heterozygous mutations. However, paternal unipa-
rental disomy was found in one patient (85). All cases of
steroid 5�-reductase deficiency are related to mutations in
the coding region of the 5�-reductase 2 gene. Mutations
are found in all five exons of the gene. The majority of
subjects have missense mutations (86). Other individuals
have deletions, splice-junction, and nonsense mutations.
The end product is a nonfunctional or subfunctional pro-
tein with decreased affinity of the enzyme to NADPH or
decreased binding to testosterone.

If affected babies are raised as males, surgical cor-
rection of the external genitalia and cryptorchidism should
be performed. Prior to surgery, administration of andro-
gens is recommended to increase phallic length and fa-
cilitate hypospadias repair. Normal levels of DHT have
been achieved in adults following pharmacological doses
of testosterone, presumably though activity of 5�-reduc-
tase 1. If the child is raised as a female, surgical correction
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of external genitalia should be performed and gonadal tis-
sue removed before puberty. Cyclic hormonal therapy at
puberty for development of secondary sexual character-
istics is required (83).

b. Androgen Insensitivity Syndrome. Androgen in-
sensitivity syndrome (AIS) is comprised of four condi-
tions with distinct phenotypes: complete AIS (CAIS), par-
tial AIS (PAIS), androgen insensitivity associated with the
infertile man syndrome, and Kennedy syndrome.

Clinical phenotype
1. Complete Androgen Insensitivity (CAIS) is an X-

linked trait with an incidence of 1:20.000–1:64000 male
births (87). This condition has also been referred to as the
testicular feminization syndrome (88). CAIS is character-
ized by a normal 46,XY karyotype, female external gen-
italia with short vagina, absence of müllerian structures,
and absent or vestigial wolffian structures. Gonads may
be located in the inguinal canal or may be intra-abdomi-
nal. Some subjects with CAIS present in infancy or child-
hood when surgery for inguinal hernia reveals testis in the
hernia sack. If gonadectomy is not performed in infancy
or childhood, affected subjects have breast development
at puberty but little or no axillary hair. Although the clit-
oris or labia majora are normal, the labia minora may be
underdeveloped. Patients usually present in their teens or
early 20s because of amenorrhea. Serum levels of LH and
testosterone are abnormally elevated. Estradiol, which
comes from peripheral conversion of testosterone and
from testicular secretion, tends to be in the normal female
range. Serum AMH is abnormally high in women with
CAIS because the physiological suppression of AMH by
testosterone does not occur (89). Women with CAIS have
a greater incidence of testicular tumor, with risk increas-
ing significantly after puberty. Management of adult
women with CAIS involves gonadectomy and sex hor-
mone supplementation. In some women vaginoplasty may
be necessary to improve the length of the vagina.

Wisniewski et al. (90) examined long-term outcome
of women with CAIS. Fourteen women were studied us-
ing questionnaires and follow-up physical examination.
These women considered their development of secondary
sexual characteristics to be satisfactory. Furthermore, most
patients were satisfied with sexual function. All of the
women studied were satisfied with sex of rearing. None-
theless, the study indicated that more two-thirds of the
women had incomplete understanding of their condition.

2. Subjects with Partial Androgen Insensitivity
(PAIS) usually present in the newborn period with ambig-
uous genitalia. Müllerian structures are absent and devel-
opment of wolffian ducts is usually abnormal. The diag-
nosis is suspected if there are normal levels of testosterone
and a normal testosterone/DHT ratio. Several approaches
have been suggested to differentiate PAIS from other con-
ditions with a similar hormonal profile. Some authors
have suggested that the extent of penile growth after ad-
ministration of testosterone or hCG provides an indicator

of responsiveness to androgens. Others have advocated
determination of sex hormone-binding globulin (SHBG)
levels in blood to identify subjects with PAIS. This is
based on the fact that androgen secretion typically results
in a diminution of SHBG levels. Hence, higher than nor-
mal levels of SHBG in an individual with normal male
testosterone and DHT concentration might indicate andro-
gen insensitivity (91). Blood levels of AMH are also sup-
pressed by androgens. Hence the combination of male lev-
els of testosterone and DHT in the face of unsuppressed
AMH might indicate PAIS (92).

At puberty, serum levels of LH and testosterone are
abnormally elevated, although the T/DTH ratio remains
normal. There is enlargement of the penis at puberty, but
the penis usually remains small. Serum levels of estradiol
are abnormally elevated and gynecomastia is almost al-
ways present. Testes are small and there is azoospermia.

3. Subjects with androgen insensitivity associated
with infertile men present various phenotypes. Some sub-
jects have mild hypospadias, although many have normal
male external genitalia. Like subjects with other forms of
AIS, these men have elevated levels of serum LH and
testosterone. Subjects are typically ascertained during
evaluation for infertility (93).

4. Kennedy syndrome is an X-linked from of spinal
and bulbar atrophy, which appears in mid to late adult-
hood. The association of gynecomastia and the variable
presence of impotence and infertility suggest a form of
androgen insensitivity and subsequent studies identified a
defect in the AR gene (94).

Genetic abnormalities related to AIS. Most cases of
CAIS and PAIS are related to mutations in the AR gene
and the majority of them are point mutations. Relatively
few mutations have been detected in the amino terminal
domain. Mutations that result in stop codons in this region
are typically associated with CAIS. Deletions of polyglu-
tamine repeats are associated with PAIS. Kennedy syn-
drome results from expansion of polyglutamine repeats to
a number greater than 42 (95).

Within the DNA-binding domain, mutations that re-
sult in stop codons or in the deletion of the second zinc
finger are associated with CAIS (96). Mutations in the
phosphorylation site are associated with both CAIS and
PAIS.

Mutations in the hormone-binding domain can result
in both complete and partial AIS. Frame shift or point
mutations that result in premature termination are asso-
ciated with CAIS. By contrast, mutations causing less se-
vere defects in hormone binding are more likely to be
found in patients with PAIS. Splicing mutations in the AR
gene have also been reported in PAIS. They result in tran-
scription of mRNA encoding mutant AR as well as lower
levels of mRNA encoding normal AR (97).

AR gene mutations have been identified in some sub-
jects with the androgen insensitivity of infertile men. In a
group of nearly 200 infertile men, three unrelated subjects
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had mutations of AR gene. Two of these mutations were
in the transactivation domain and one was in the DNA-
binding domain (93). In another study, a subject with this
condition had a point mutation in the hormone-binding
domain that did not diminish steroid binding but resulted
in defective transactivation (98). In additional studies Gi-
wercman identified an unusual subject with mutation in
the AR gene and phenotypic features of AIS, but normal
fertility (99).

Despite correlations between phenotype and genotype
that have been made in the AIS, many cases indicate that
these relationships do not always apply. For example,
most mutations that result in absence of androgen-receptor
binding in cultured cells result in CAIS. However, some
of these mutations are also associated with PAIS. Most
mutations that are associated with intact AR binding in
cultured cells are likewise associated with PAIS. None-
theless, some of them are associated also with CAIS.
More surprising is the observation that CAIS and PAIS
have been associated with the same mutation in the AR,
suggesting that other factors play a role in AR func-
tion (95).

Recent reports explain the lack of phenotype–geno-
type correlation in some patients. In 1997, Holterhus de-
scribed a patient with PAIS who had a mutation in the
AR that resulted in a premature stop codon. Such muta-
tions are usually associated with CAIS. The unexpected
mild phenotype in this report was the result of somatic
mosaicism (100). The AR was also studied in another
family who had AIS and a range of phenotypic appearance
among affected members. Studies of this kindred indi-
cated that transactivation of the AR varied over a range
of DHT concentrations, suggesting that the range in phe-
notype might have resulted from variable levels of DHT
in each of the individuals in utero (101). More recently
Boehmer et al. described a kindred in which one sibling
had CAIS and another had PAIS. The differences in phe-
notype were correlated with differences in 5-reductase ac-
tivity in the two siblings (102).

AIS has also been attributed to abnormalities in the
interaction of coactivators with the AR. In one study CAIS
was associated with inability of the AR to interact with
AF1 (103). Expansion of the polyglutamine repeats results
in decreased binding of ARA 24 and subsequent decreased
coactivation, providing a possible explanation for the AIS
associated with Kennedy syndrome (44, 94).

4. Male Pseudohermaphroditism Associated
with Multiple Congenital Anomalies

Some subjects have well-described syndromes in which
there is abnormal sex differentiation in association with
other congenital anomalies, but no obvious defect in
gonadal differentiation, testosterone biosynthesis, or an-
drogen effect (53). Some examples include Opitz-Frias
syndrome, Rieger’s syndrome, Rapp-Hodgkin ectodermal
dysplasia, the CHARGE association and VATER syn-

drome. Many cases of male pseudohermaphroditism and
multiple congenital anomalies are sporadic, but they fre-
quently involve other defects in the genitourinary system.
In addition, maternal exposure to certain drugs, such as
dilantin, trimethadione, and progesterone, have been im-
plicated in abnormal sex differentiation.

5. Timing Defect and Idiopathic
Male Pseudohermaphroditism

Several patients have been reported who had a 46,XY kar-
yotype and ambiguous genitalia, but normal production of
testosterone and DHT at puberty and normal responsive-
ness to androgens. It was suggested that these subjects had
delayed differentiation of Leydig cells and the term timing
defect was applied to this condition (104). It is possible
that subjects with so-called idiopathic male pseudoher-
maphroditism have such a timing defect.

6. Persistent Müllerian Duct Syndrome
The persistent müllerian duct syndrome (PMDS) is de-
fined by the presence of müllerian derivatives (uterus, fal-
lopian tubes, and superior two-thirds of the vagina) in
otherwise normal 46,XY subjects (105). This rare form of
male pseudohermaphroditism has been reported in ap-
proximately 150 subjects. Patients with PMDS present
with cryptorchidism, inguinal hernias, or both. Herniation
of the müllerian structures through the inguinal ring and
transverse testicular ectopia are frequent associations.

Persistent müllerian duct syndrome occurs in two dif-
ferent anatomical forms. The form characterized by par-
tially descended testes (80–90% of reported cases) occurs
with unilateral cryptorchidism and contralateral inguinal
hernia. Typically, the undescended testis is in the inguinal
canal. This condition is termed hernia uteri inguinalis.
Sometimes the opposite testis is in the hemiscrotum with
hernia (transverse testicular ectopia). The second form is
characterized by undescended testes. The gonads are lo-
cated in a high position, the uterus is fixed in the pelvis,
and both testes are embedded in the round ligament. The
round ligament is usually distended in PMDS, leading to
abnormal mobility of müllerian derivatives. Furthermore,
the testis itself is abnormally mobile because it is not con-
nected to the base of the scrotum. The testes of these
males contain germ cells, but are not properly connected
to male excretory ducts. Aplasia of the epididymis, as well
as aplasia of the upper part of the vas deferens, has been
reported. The müllerian segment of the vagina contacts
the posterior urethra at the veru montanum, but commu-
nication is usually not patent and retrograde urethrography
shows a normal male urethra (105).

Affected subjects frequently present for evaluation of
undescended testes or inguinal hernia. The diagnosis can
be made by sonogram during the evaluation of newborns
or infants with cryptorchidism and during surgical explo-
ration. In subjects with bilateral nonpalpable gonads, con-
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Table 3 Classification of Female
Pseudohermaphroditism

Congenital adrenal hyperplasia
CYP21 (21-hydroxylase) deficiency
CYP11 (11�-hydroxylase) deficiency
3�HSD II deficiency

Exposure to maternal androgens excess
Iatrogenic: androgens and progestins
Virilizing ovarian or adrenal tumor
Luteoma of pregnancy

CYP19 (aromatase) deficiency
Congenital abnormalities

genital adrenal hyperplasia in a female must also be ex-
cluded. Serum levels of testosterone are typically normal
in these patients, but should be assessed. The level of
AMH should be measured to help determine the specific
problem (abnormality of AMH or receptor) (36). Although
pelvic ultrasonography may be useful to detect müllerian
structures, false-negative results can occur.

PMDS is inherited either as a sex-limited autosomal
recessive trait (the most common) or as a sex-linked re-
cessive trait. Mutations in either the gene for AMH or its
receptor are responsible for the lack of regression of the
müllerian ducts. Patients with a serum level of AMH in
the upper limit of normal are referred to as being AMH-
positive. Patients with very low AMH levels, are called
AMH-negative. The most common genetic anomaly caus-
ing PMDS is a 27 base-pair deletion in exon 10 of the
antimüllerian type II receptor gene. This deletion is im-
plicated in approximately 25% of patients presenting with
PMDS (106).

The surgical management of patients with PMDS is
controversial due to the potential morbidity associated
with both the retention and the removal of the müllerian
structures. Controversy also exists regarding the malig-
nant potential of the PMDS testes. Surgical excision of
persistent müllerian duct structures may result in ischemic
and/or traumatic damage to the vas deferens and testes.
Optimal management is orchiopexy, leaving the uterus
and fallopian tubes in situ. Orchiectomy is indicated for
testes that cannot be mobilized to a palpable location.
Careful identification of the vas deferens with meticulous
dissection of the müllerian structures facilitates intrascro-
tal placement of the testes. There is an increased risk of
malignancy associated with the cryptorchidism (3% to
18%), but not with the retained müllerian structures.
These structures remain infantile, and neither cyclic he-
maturia nor endometrial malignancy occurs. Most of these
patients are infertile.

C. Female Pseudohermaphroditism

Female pseudohermaphroditism describes one-third to
one-half of patients with ambiguous genitalia. Subjects
have 46,XX karyotype, normal müllerian ducts, and mas-
culinization of the external genitalia and urogenital sinus
(see Table 3). Wolffian ducts (epididymis, vas deferens,
and seminal vesicles) are absent. The degree of masculin-
ization of external genitalia is determined by the extent
of androgen secretion and the timing of androgen produc-
tion. Once female sex differentiation is complete, andro-
gen exposure causes clitoral hypertrophy but no other
masculinization of genitalia.

1. Congenital Adrenal Hyperplasia
The most common cause of female pseudohermaphro-
ditism is congenital adrenal hyperplasia (CAH). In these
conditions there is an abnormality in the biosynthesis of
cortisol and aldosterone. Diminished secretion of cortisol

results in marked elevation of plasma ACTH that subse-
quently stimulates increased production of adrenal andro-
gens and hence masculinization of external genitalia.
CYP21 (21 hydroxylase) deficiency is the most common
cause of CAH. Two other virilizing forms of CAH are
11�hydroxylase and 3-� hydroxysteroid dehydrogenase
deficiencies. (These conditions are discussed at greater
length in Chapter 7). A brief summary is presented below.

a. CYP21 (21 Hydroxylase) Deficiency. CYP21 is
required for conversion of 17-hydroxyprogesterone to 11-
deoxycortisol and progesterone to deoxycorticosterone.
Hence CYP21 deficiency decreases both mineralocorti-
coid and glucocorticoid production. Females with this
condition present ambiguous genitalia, or, later in life, vi-
rilization. Salt-losing crisis is a potentially life-threatening
complication of the severe form of this disorder. Serum
levels of 17-hydroxyprogesterone are markedly elevated
(3000–40,000 ng/dl), the level depending upon age and
severity of the enzyme defect. Androstenedione levels are
abnormally high (107, 108).

b. CYP11 (11 Hydroxylase) Deficiency. This con-
dition is characterized by lack of conversion of 11-deoxy-
cortisol to cortisol and conversion of DOC to cortico-
sterone. High blood pressure occurs due to increased
levels of DOC (107, 108).

c. 3�-Hydroxysteroid Dehydrogenase/�4–5 Isomer-
ase Deficiency. This is characterized by lack of conver-
sion of �5 3�hydroxysteroids to 3 ketosteroids. The syn-
thesis of both aldosterone and cortisol is impaired.
Salt-wasting and adrenal crisis can occur in severe forms
of this condition. Serum levels of 17-hydroxypregneno-
lone may be increased due to impaired conversion of
17-hydroxypregnelonone to 17-hydroxyprogesterone. In
addition, the ratio of 17-hydroxypregenelonone to 17-
hydroxyprogesterone is elevated in these patients (107,
108).

2. Maternal Androgens

a. Iatrogenic. Several drugs have been associated
in the past with female pseudohermaphroditism. Proges-



334 Carrillo et al.

tins such as norethindrone and ethisterone can cause some
degree of masculinization of external genitalia. Danazol,
used for treatment of endometriosis, has also been impli-
cated as a cause of female pseudohermaphroditism. Stil-
bestrol and its metabolites are also related to masculini-
zation of female external genitalia through inhibition of
3-� hydroxysteroid dehydrogenase (47).

b. Androgen-Secreting Tumors. These occurring in
the mother can also cause masculinization of the female
fetus. Luteoma of pregnancy is a rare tumorlike mass that
emerges during pregnancy and regresses spontaneously
after delivery. Absence of maternal virilization does not
exclude the diagnosis of luteoma of pregnancy. Other an-
drogen-secreting tumors of both the ovary and adrenal
have also been reported. Ovarian tumors include Brenner
tumor and thecoma, among others. Adrenal tumors caus-
ing female pseudohermaphroditism are extremely rare
(109).

3. Placental Aromatase Deficiency
Human CYP450 aromatase is expressed in placental syn-
cytiothrophoblast and many other fetal tissues. After the
9th week of gestation, the placenta provides the primary
source of circulating estrogens. Lack of placental aroma-
tase exposes the fetus to androgen excess and can result
in ambiguous genitalia in females. Diagnosis should be
suspected in an infant with female pseudohermaphro-
ditism in whom CAH has been excluded. The diagnosis
is suggested by maternal virilization during pregnancy,
and abnormally high serum levels of �4 androstenedione,
testosterone, and DHT. Low plasma levels of estriol, as
well as low urinary estriol concentration, are present. Am-
niotic fluid concentrations of �4 androstenedione and tes-
tosterone are high, while estrone, estradiol, and estriol lev-
els are low (110).

4. Syndromes of Multiple Congenital
Abnormalities

Association of female pseudohermaphroditism with cloa-
cal anomalies, renal agenesis or dysplasia, and gastroin-
testinal and urinary tract anomalies has been reported. The
müllerian structures in these patients may be poorly de-
veloped and dysplastic. The cause of this defect is uncer-
tain. There is a disorganized differentiation of the caudal
development including perineum, genital tubercle, and
genital folds (111). Maternal alcohol use during pregnancy
has been associated with clitoral hypertrophy.

V. DIAGNOSTIC EVALUATION FOR
AMBIGUOUS GENITALIA

When a child is born with ambiguous genitalia, a spe-
cialized care team should be convened. A rapid and
organized evaluation should be initiated to garner infor-

mation about karyotype, gonadal function, androgen bio-
synthesis, and internal anatomy.

A. Diagnostic Evaluation

1. History
A thorough family history is important with respect to
previous perinatal or neonatal deaths, infertility, consan-
guinity, or history of infants with ambiguous genitalia.
The patterns of inheritance in the various intersex disor-
ders must be considered. A maternal history should focus
on complications of pregnancy, especially during the first
trimester, and should include information regarding drug
and alcohol use as well as hormone administration.

2. Physical Examination
The physical examination should determine whether the
infant has dysmorphic features, since many syndromes are
associated with ambiguous genitalia. Intrauterine growth
retardation suggests a chromosomal anomaly. Abnormal
body proportions suggest an associated syndrome of bone
dysplasia. Stigmata, such as webbed neck and edematous
hands and feet, may be present in mixed gonadal dys-
genesis (45,X/46,XY). Table 4 includes some of the con-
ditions associated with genital ambiguity.

The stretched phallic length should be measured
along the dorsum from the pubic ramus to the tip of the
glans. The degree of development of the corpora may be
assessed by palpation of the shaft. Normal values for
stretched penile length in neonates and preterm infants are
available, as are normal values for clitoral length (Chap.
42). It is important to note that premature female infants
may appear to have clitoromegaly because they have a
larger clitoral breadth compared to body size.

Urethral opening is assessed by careful examination
of the ventral area of the phallus for grooves and chor-
dees. The urethral meatus may be anywhere from the tip
of the phallus to the perineum. A single opening on the
perineum indicates the presence of a urogenital sinus. Fu-
sion of the labia majora should also be assessed. The la-
bioscrotal folds are examined for degree of fusion, devel-
opment of rugae, and pigmentation. The presence of
gonadal tissue must be carefully assessed. Each gonad is
evaluated for size, texture, and presence of an epididymis.

Minimal enlargement of the phallus and only mild
posterior fusion may be associated with a mild form of
masculinization in an XX individual or a severe form of
undermasculinization in an individual with an XY kar-
yotype. Phallic enlargement with nearly complete fusion
of the labioscrotal folds may likewise be associated with
a minimal defect of masculinization in an individual with
a XY karyotype or a very severe abnormality of sexual
differentiation in an individual with an XX karyotype.
Hence, the extent of masculinization of the external gen-
italia does not provide information about the underlying
diagnosis but merely provides information about the ex-
tent of the abnormality once the karyotype is known.



Disorders of Sexual Differentiation 335

Table 4 Syndromes and Chromosomal Abnormalities Associated with Ambiguous Genitalia

Abnormalities Clinical findings

Chromosomal
Trisomy 13 Holoprosencephalia, polydactyly, cleft lip, hypospadias, cryptorchidism
Trisomy 18 Clenched hand, short sternum, malformated auricles, male cryptorchidism, virilized

females
Triploidy syndrome Prenatal growth failure, microphtalmia, congenital heart defects, hypospadias, micropenis
4p� Supreorbital ridges, synophrys, large ears, incomplete masculinization
13q� Mycrocephaly, colobatoma, thumb hypoplasia, incomplete masculinization

Syndromes
Aaskog Hypertelorism, brachydactyly, shawl scrotum, cryptorchidism
Campomelic Dysplasia Flat facies, bowed tibiae, hypoplastic scapulae, 46, XY partial gonadal dysgenesis
Carpenter Acrocephaly, polydactyly, and syndactyly of the feet, lateral displacement of inner canthi,

mental retardation, hypogonadism
CHARGE Colobomata, heart defect, choanal atresia, retarded growth, genital hypoplasia, ear

anomalies
Curradino Partial sacral agenesis with intact first sacral vertebra (‘‘sickle-shaped sacrum’’), a

presacral mass, and anorectal malformation (Currarino triad)
Ellis-Van Crevel Mesomelic dwarfism, polydactyly, cardiac anomalies, cryptorchidism
Fraser Cryptophthalmos (eye hidden, fused lids, absence of palpebral fissure), defect of auricle,

males with cryptorchidism and hypospadias, females with vaginal atresia
SCARF Lax skin, joint hyperextensibility, umbilical and inguinal hernias, craniosynostosis, pectus

carinatum, abnormally shaped vertebrae, enamel hypoplasia with hypocalcification of
the teeth, facial abnormalities, wide webbed neck, ambiguous genitalia, multiple
nodular liver tumors, and mild psychomotor retardation

Lissencephaly X-linked Lissencephaly with ambiguous genitalia
Meckel-Gruber Encephalocele, polydactyly, renal cystic dysplasia, ambiguous genitalia
Oral–facial–digital Polydactyly, campomelia, ambiguous genitalia, cystic dysplastic kidneys, and cerebral

malformation
Rieger’s Iris dysplasia, maxillar hypoplasia, hypospadias
Robinow Short stature, mesomelic and acromelic brachymelia, hypertelorism, wide palpebral

fissures, midface hypoplasia and large mouth, and hypogenitalism
Short rib polydactylia Cleft lip, malformed larynx with hypoplastic epiglottis, pulmonary hypoplasia, renal cysts,

ambiguous genitalia, pachygyria, and small cerebellar vermis
Smith-Lemli-Opitz, type II Mutations in the delta-7-dehydrocholesterol reductase gene in chromosome

Failure to thrive, facial dysmorphism, ambiguous genitalia, syndactyly, postaxial
polydactyly, and internal developmental anomalies (Hirschsprung’s disease and cardiac
and renal malformations)

Smith-Lemli-Opitz, type I Failure of masculinization, intra-abdominal testes, a normally shaped uterus and vagina,
polydactyly, cleft palate, blepharoptosis, and abnormalities of the kidneys, liver, and
lungs

VACTER Vertebral anomalies, Anal atresia, Tracheo-Esophageal fistula, Radial and Renal dysplasia,
bifid scrotum

WAGR Contiguous gene syndrome: Wilms tumor, Aniridia, cataract, ambiguous Genitalia,
gonadoblastoma, genitourinary abnormalities, mental Retardation

3. Etiologic Evaluation
Adrenal hyperplasia is always a possibility in an infant
who presents with ambiguous genitalia. Therefore,
throughout the period in which diagnostic tests are per-
formed, careful attention must be paid to blood chemistry
and vital signs to ensure that early and appropriate treat-
ment is started if clinical presentation suggests congenital
adrenal hyperplasia.

Migeon et al. have described a program for the eval-
uation of the ambiguous genitalia in the first week (54).
A karyotype is obtained on the first day of life and is
usually done using peripheral lymphocytes. Occasionally
chromosome analysis from other tissues may be necessary
to exclude mosaicism. Plasma levels of testosterone and
dihydrotestosterone are determined on day 1–2 since
there is a physiological peak of testosterone secretion in
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normal boys at this time. Occasionally, assay of other
plasma steroids precursors of testosterone synthesis may
be indicated. Plasma levels of 17-hydroxyprogesterone
and 17-hydroxypregnelonone should be determined on
day 3–4. It is necessary to obtain the blood sample until
day 3–4, because contaminating plasma steroids result in
spuriously high levels. Assays of both testosterone and 17-
hydroxyprogesterone require a chromatographic step prior
to assay to prevent additional artifacts (112).

If the baby is clinically stable, imaging studies should
de performed on day 5 of life. A genitogram with retro-
grade injection of contrast media into the urogenital sinus
should be performed to detect the presence of müllerian
structures, as well as to outline the anatomy of the urethra.
Sonography may also be performed to detect müllerian
structures. In some instances sonography may be useful
to identify abdominal or inguinal gonads. Occasionally an
MRI of the pelvis may also be needed.

4. Diagnosis of Ambiguous Genitalia
Migeon and Berkovitz have proposed an algorithm for the
diagnosis of ambiguous genitalia in the newborn period
(54). If the karyotype indicates mosaicism or possible chi-
merism involving a Y chromosome, the abnormality of
sex differentiation is considered to be a function of the
cloning of the various cell types in the gonad. If the kar-
yotype is 46,XX or 46,XY the diagnosis will be estab-
lished by the hormonal profile, the presence of specific
internal duct structures, and, in some cases, by gonadal
histological results.

In patients with a 46,XY karyotype and a subnormal
plasma level of testosterone, abnormally low levels of
steroid precursors of testosterone indicate the possibility
of 46,XY gonadal dysgenesis, 46,XY true hermaphrodit-
ism, and Leydig cell aplasia hypoplasia. Subnormal levels
of plasma testosterone, but abnormal elevation of plasma
precursors of testosterone, indicate a defect in the biosyn-
thesis of testosterone. If levels of plasma testosterone and
DHT are normal or elevated but the ratio of T to DHT is
abnormally elevated, a diagnosis of 5�-reductase defi-
ciency is made. If plasma concentration of T and DHT is
both normal the differential diagnosis includes androgen
insensitivity, syndromes of multiple congenital anomalies,
and idiopatic or timing defects.

In subjects with a 46,XX karyotype, diagnostic con-
siderations include abnormalities of gonadal differentia-
tion and those resulting from exposure of the fetus to ex-
cess androgen. The former group comprises 46,XX true
hermaphroditism and the XX maleness. When normal
ovarian differentiation has occurred, masculinization may
have resulted from congenital adrenal hyperplasia (defi-
ciency of 21-hydroxylase, 3� HSD, and 11-hydroxylase),
androgen-secreting tumors in the mother, placental aro-
matase deficiency, various drugs, and syndromes of mul-
tiple congenital anomalies.

VI. MANAGEMENT OF INTERSEX

A. Introduction

The management of children born with ambiguous geni-
talia has been guided by the traditional policy developed
by psychologists in collaboration with pediatric endocri-
nologists and other health care professionals (113). This
management has been based on assessment of the anat-
omy of sex organs, on likely cosmetic appearance of the
reconstructed genitalia, on the potential for normal sex
steroid secretion at puberty, the potential for normal sex-
ual intercourse, and on the potential for fertility. It has
also been referred to as the optimal-gender policy.

Gender assignment has been recommended as early
as possible to minimize the period of gender uncertainty.
Surgery of the external genitalia has been recommended
to facilitate consistent gender-typical rearing by the fam-
ily. As an example, female gender has been considered
appropriate for girls with the masculinized form of CAH.
This has been based on the consideration that adequate
replacement therapy will permit ovarian sex hormone se-
cretion and normal fertility and because reconstructive
surgery will allow for sexual intercourse later in life.

Over the past few years, patient activists have ques-
tioned aspects of the traditional policy for gender assign-
ment at the earliest age possible and have emphasized the
risk of early genital surgery. The Intersex Society of North
America was established to involve the public in an open
discussion about management of intersex patients. They
have objected to early genital surgery on the grounds that
the patient is too young to provide informed consent
(114).

Another critique of the traditional approach to inter-
sex management comes from biological determinists who
claim that prenatal androgens play a critical role in the
masculinization of the fetal brain, and therefore influence
behavior and gender identity later in life. Improved un-
derstanding regarding the long-term outcome of intersex
patient management is helping to guide changes in the
traditional policy (90, 115).

B. Gender Assignment at Birth

Gender assignment of infants with ambiguous genitalia at
birth requires open and intense communication between
the medical team and the family. Counseling requires
avoidance of oversimplification. However, complete in-
formation must be provided and presented in a way that
can be assimilated by the family. The physician must be
open to new information. For example, recent data show
that penile growth potential in newborns with micropenis
is greater than previously thought. As a consequence, reas-
signment in the baby with full male differentiation and
micropenis is no longer recommended (116).

The American Academy of Pediatrics has published
a statement concerning evaluation of the newborn with



Disorders of Sexual Differentiation 337

developmental anomalies of the external genitalia. It em-
phasizes that sex of rearing be based on the potential for
fertility, capacity for normal sexual function, endocrine
function, potential malignant change, and testosterone im-
printing. It is useful for health care professionals to de-
velop a sex-assignment team where a multidisciplinary
approach that includes parental involvement can be pro-
vided for the management of the intersex patient (117).
Pediatric endocrine societies are also in the process of
developing consensus guidelines for gender assignment.
Such guidelines should be revised at regular intervals or
whenever major new evidence comes to light.

C. Gender Reassignment in Childhood

Gender reassignment must take into consideration the
child’s development, the family’s beliefs, and the cultural
environment. Uncertainty exists regarding the latest time
for gender reassignment without an increased risk of con-
flict in the child’s emerging sense of gender identity. Early
studies suggested a cut-off age of 18 months. Newer data
suggest an earlier cut-off date, perhaps around 9 months
of age. After that age, the child’s emerging habitual gen-
der-role behavior and identity must be carefully evaluated
for compatibility with the recommended gender. Such an
evaluation can be an arduous task because of the child’s
cognitive limitations at this stage of development and be-
cause of the potential for emotional sensitivity (118). In
addition to considering the child’s gender development,
the clinician must evaluate the family’s expectations, the
family’s flexibility, and the societal context. The child and
the family must be able to cope with the gender reassign-
ment. Clinicians should be careful not to superimpose
their own cultural values.

D. Gender Assignment and Reassignment
in CAH

Almost all female CAH patients, when appropriately di-
agnosed, are raised as girls. However, some patients who
are born with markedly masculinized external genitalia
have been inadvertently assigned to the male gender. In
cases in which the diagnosis was made later, many phy-
sicians have recommended reassignment to the female
gender after appropriate parental consent. Most 46,XX pa-
tients with CAH who have been assigned or reassigned to
the female gender at an early age remain females lifelong.
A small group of patients self-initiate gender reassignment
at around puberty or later, and sometimes even as late as
in midadulthood. Patients with CAH and 46,XX karyo-
type who have been reared in the male gender until late
childhood or early adolescence usually elect to remain
boys even after CAH is diagnosed. However, occasional
patient-initiated reassignments to the female gender have
been reported. Thus, an apparently stable gender identity
in childhood does not necessarily preclude gender change

at a later age, nor does a successful gender reassignment
in childhood exclude gender problems later in life (118).

Assigning newborns with CAH and penile urethra to
the male gender has also been discussed but remains ex-
tremely controversial. Arguments in favor of male gender
assignment include the consideration that a well-formed
penis with a penile urethra does not require surgery,
whereas reconstruction along female lines may not pro-
duce a vagina adequate for sexual intercourse, and may
damage neuronal connection and vascular supply to the
clitoris. Arguments against male gender assignment in-
clude the observation that the obligatory gonadectomy
will be accompanied by loss of fertility and that there may
be a need for sex hormone therapy at puberty. Studies
involving large numbers of patients are needed before a
change in policy can be made regarding gender assign-
ment in patients with CAH with marked genital mascu-
linization.

E. Gender Identity

Gender identity refers to the sense of belonging to or fit-
ting into the male or female gender. Gender-role behavior
denotes the behavior typical of one gender or the other in
a given historical time and place.

Considerable information on the influence of prenatal
androgen exposure on gender role behavior comes from
studies of CAH. Various categories of sexually dimorphic
behaviors are affected in girls with CAH. They include
toy preferences, rough-and-tumble play, aggressiveness,
interest in sports, maternal behavior, and vocational pref-
erences. It has been suggested that the most important
factor accounting for the difference in sexually dimorphic
behavior between CAH girls and controls appears to be
the effect of the prenatal androgens on sexual differenti-
ation of the brain. Several researchers have indicated that
the degree of genital masculinization is an indicator of the
degree of masculinization of the brain. Indeed masculin-
ized behavior is more prevalent among girls with salt-
wasting CAH than it is in the simple virilizing form (119).
If, as expected, much of the shift toward increased mas-
culinization of behavior in CAH is due to the atypical
prenatal androgen milieu, a reduction in prenatal androgen
levels by prenatal dexamethasone treatment should reduce
the degree of masculinization on the brain. However, con-
cerns about the potential behavioral side effects of this
treatment have been raised and are being addressed in
continuing studies (120).

Many parents become anxious and uncomfortable
when their daughter with CAH shows markedly gender-
atypical behavior. Children with CAH should be moni-
tored regularly and assessed unobtrusively for the degree
of gender-atypical behavior. In addition, family milieu
should be evaluated for acceptance of such behavior. In
this regard appropriate psychological/psychiatric counsel-
ing promoting the acceptance of the behavior can be un-
dertaken. Girls with CAH with markedly gender-atypical
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behavior persisting into late childhood and early to mid-
adolescence may become alienated from their gender-typ-
ical peer group. The alienation can lead to isolation, self-
doubts, and depressive features. Such girls may profit
from individual counseling and from contact with other
girls in support groups. There is a published counseling
guide in the intersex area, which is strongly recommended
to patients and health care providers. Women with salt-
losing CAH have an increased rate of bisexual or homo-
sexual orientation, as demonstrated in sexual imagery
such as erotic and romantic fantasies and dreams and sex-
ual attractions; many of these women consider themselves
lesbians.

Long-term studies of outcome in large numbers of
subjects with 46,XY karyotypes and ambiguous genitalia
are now being performed. Physical and psychological as-
pects are being explored. Such studies will provide addi-
tional perspective on the relative influence of prenatal an-
drogens and environment.

F. Surgery During Infancy and Childhood

The timing of genital surgery in the course of a child’s
development is likely to have important psychological im-
plications. In infancy, the decision must be made by the
parents in consultation with physicians. Parents must have
unequivocal commitment to the decision. Comprehensive
genital surgery in infancy without any need for later pro-
cedures is intuitively beneficial, but no systematic data are
available on the differences in psychological conse-
quences of early vs. late surgery. Parents of newborns not
only want to reach a decision about sex of rearing as soon
as possible but also want the genitalia to appear similar
to other children of the same sex and age.

Surgical techniques have advanced dramatically and
skillful surgeons have achieved satisfactory outcomes in
the majority of intersex patients. In particular, advances
in techniques for reconstruction of male external genitalia
have allowed definitive repair in infancy and early child-
hood. Timing of genital reconstruction in female subjects
is more problematic. For example, it is not clear whether
it is easier for an adolescent woman to undergo vaginal
reconstruction just before she is ready to become sexually
active or whether is preferable to perform surgery earlier,
with the obligation to use dilators until the patient starts
engaging in regular sexual intercourse. Prescribing vagi-
nal dilatation during middle childhood presents difficul-
ties. Cessation of early surgical intervention has been ad-
vised in several cases because of the emotional effect on
the child. However, no systematic data on psychosocial
acceptability and outcome are available. Individuals vary
widely in the timing and pattern of sexual socialization.
However, it is likely that an inadequate vagina and a re-
duction in erotic sensitivity, orgasmic capacity, and sexual
satisfaction will inhibit courtship and perhaps reduce in-
terest in sexual activity altogether.

Esthetic and gender-typical appearance continue to be
useful criteria for surgical outcome, although attention
must also be paid to long-term sexual functioning. Qual-
ity-of-life considerations, including sexual life in adoles-
cence and adulthood, must be considered. In this regard
as well, there is a major need for pediatric societies to
develop consensus guidelines.

The performance of genital surgery without the
child’s fully informed consent has been severely criticized
by the Intersex Society of North America. This point of
view must be weighed against the complexities regarding
the need for sex definition (121).

G. Examination of the Genitalia

Examination of the genitalia is crucial in evaluating the
need for surgery, the outcome of surgery, and the impact
of lapses in hormonal treatment. The physician must be
aware of the potentially adverse psychological conse-
quences of such examinations, even if the child seems
overtly compliant. Genital examinations have more sig-
nificant psychological implications than examinations of
other body parts. Many patients become oversensitized by
frequent examination. Hence, such examinations must be
performed with psychological sensitivity. Their repetition
by multiple trainees should be avoided. Alternative train-
ing strategies should be developed that do not adversely
affect the patient.

H. Psychological Counseling

Most authors recommend an annual visit particularly dur-
ing adolescence, with a mental health professional who is
familiar with the psychosocial and sexual problems of in-
tersex patients. It can be beneficial to have the same per-
son involved in this capacity over the years, provided that
the rapport with the patient is generally good. In addition,
meeting one or more patients with the same or similar
condition can be extremely helpful for patients with an
uncommon disorder. The creation of clinic-affiliated sup-
port groups is recommended. Patient support groups on
the Internet can also be useful. When recommending sup-
port-group affiliation, one should always make the patient
aware of the risks, including biases, of these groups. The
patient should be encouraged to discuss novel information
acquired from support groups with his or her physician or
mental health specialist. Patients with specific sexual dys-
function may need to be evaluated by a specialist who can
review all endocrine, anatomical, surgical, and psycholog-
ical factors that may be involved and who can plan an
intervention in consultation with the respective specialists.
Given the scarcity of mental health personnel familiar
with intersex problems, physicians and patient organiza-
tions should press for appropriate training of mental health
liaison personnel and for third-party coverage of the re-
spective services.
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Table 5 Stretched Penile Length in Normal Males

Age Mean � SD (cm) Mean � SD (cm)

Newborn, 30 wk 2.5 � 0.4 1.5
Newborn, 34 wk 3.0 � 0.4 2.0
Newborn, term 3.5 � 0.4 2.4
0–5 months 3.9 � 0.8 1.9
6–12 months 4.3 � 0.8 2.3
1–2 yr 4.7 � 0.8 2.6
2–3 yr 5.1 � 0.9 2.9
3–4 yr 5.5 � 0.9 3.3
4–5 yr 5.7 � 0.9 3.5
5–6 yr 6.0 � 0.9 3.8
6–7 yr 6.1 � 0.9 3.9
7–8 yr 6.2 � 1.0 3.7
8–9 yr 6.3 � 1.0 3.8
9–10 yr 6.3 � 1.0 3.8
10–11 yr 6.4 � 1.1 3.7
Adult 13.3 � 1.6 9.3

Source: Adapted from Ref. 29.

VII. MICROPENIS

Micropenis is characterized by a normally formed penis
with a stretched penile length more than 2.5 standard de-
viations below the mean for age. Normative data are pro-
vided in Table 5 and in Chapter 42 (29). The mean
stretched penile length in newborns is 3.5 cm (minus 2.5
standard deviation: 1.9 cm). Ethnic differences have been
reported, with a smaller mean penile length in newborns
of Chinese origin than in newborns of White and East-
Indian origins (122).

Measurement of penile length should be made on the
fully stretched rather than flaccid penis. A ruler should be
pressed against the pubic ramus, depressing the suprapu-
bic fat pad as completely as possible. The penis should
be stretched by grasping the glans between the thumb and
forefinger. The measurement is made along the dorsum to
the tip of the glans without including the foreskin, if pres-
ent. Accurate examination and measurement are essential
in determining the presence of micropenis. Micropenis
must be differentiated from so-called hidden penis, de-
fined as a normal penis obscured by excessive suprapubic
fat, and from a penis held down by marked chordee, in
which it has a downward bowing as a result of a congen-
ital anomaly (123).

Patients with micropenis may be classified in four
major groups:

1. Hypogonadotropic hypogonadism is character-
ized by an abnormality in the hypothalamic–pituitary
axis, resulting in inadequate androgen production. Syn-
dromes in this category include Kallmann syndrome,
Prader-Willi syndrome, Laurence-Moon syndrome, Rud
syndrome, and conditions with multiple pituitary hormone
deficiency.

2. Hypergonadotropic hypogonadism is character-
ized by primary gonadal failure. Conditions included in
this category are Klinefelter syndrome, other X polysom-
ies, Robinow syndrome, trisomy 21, Noonan syndrome,
and Laurence-Moon syndrome.

3. Failure of androgens’ action includes subjects
with mild partial androgen insensitivity.

4. Idiopathic micropenis: Subjects in this category
have normal hypothalamic–pituitary–gonadal function.
Very rarely the entire penis is absent, a condition named
aphallia (124).

The work-up of patients with micropenis should be
directed toward early diagnosis and therapy. Other poten-
tial dangerous conditions that may be associated with go-
nadotropin deficiency, such as hypothyroidism, hypocor-
tisolemia, growth hormone deficiency, and diabetes
insipidus should be excluded and treated. In particular,
infants should be carefully monitored. Plasma levels of
FSH, LH, and testosterone should be determined. A go-
nadotropin-releasing hormone stimulation test and/or an
hCG stimulation test may also be helpful in establishing
the cause of the micropenis.

The ability of the penis to respond to androgens can
be assessed following administration of testosterone or
hCG in the newborn period. Treatment with intramuscular
testosterone in infancy and childhood has been recom-
mended to improve the appearance of the penis and to
facilitate toilet training. The side effects of this treatment
are minimal, and include temporary acceleration in growth
and advancement of bone age, in addition to some others.
Replacement therapy at puberty may be necessary in some
individuals.

Wisniewski et al. examined long-term outcome
among subjects with congenital micropenis (13 raised as
males and 5 raised as females). Subjects were studied with
questionnaires and physical examination. Penile length in
individuals raised male was below the mean in all sub-
jects. Many men reported dissatisfaction with the appear-
ance of their genitalia. Both males and females were sat-
isfied with their sex of rearing. Nonetheless, subjects
raised female required several surgical procedures for re-
construction of their genitalia (115).

VIII. HYPOSPADIAS

Hypospadias is defined as abnormal placement of the ure-
thral meatus. Isolated hypospadias is the most common
congenital malformation in males, with an estimated in-
cidence of 1:300 live male births. In the United States,
the incidence of hypospadias has increased over the past
years (125). There is a familial tendency with an increased
risk among certain ethnic groups. It has been reported that
21% of subjects with isolated hypospadias had another
family member with hypospadias: 14% having an affected
brother and 7% having an affected father (126).
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Formation of the ventral foreskin of the penis is re-
lated to normal urethral development. Failure of the ure-
thra to reach the tip of the glans is accompanied by ab-
sence of the ventral foreskin. This absence causes ventral
curvature of the penis known as chordee, which frequently
accompanies hypospadias. If normal development of the
urethra is arrested and the urethral folds fail to fuse, the
meatus may be found anywhere along the course of the
penis from the perineum to the glans.

Hypospadias is classified based on the location of the
urethral meatus after ventral curve has been surgically
corrected. The most common form is the anterior hypo-
spadias (glandular or coronal types), which accounts for
50% of all cases of hypospadias. The distal penile, mid-
shaft, and proximal penile forms make up 30%. The re-
maining 20% are posterior forms (penoscrotal and peri-
neal) (127).

The cause of hypopadias is multifactorial. In the ma-
jority of cases of isolated hypopadias the cause remains
unknown. Hypospadias has been also associated with dis-
orders of male sexual differentiation (127, 128). Environ-
mental estrogens and antiandrogens have also been asso-
ciated with isolated hypospadias. Hypospadias may be
associated with syndromes of human malformation, such
as Smith-Lemli-Opitz syndrome and cerebrohepatorenal
syndrome. Subjects with severe hypospadias with and
without cryptorchidism required a complete evaluation of
ambiguous genitalia (see above).

Surgical reconstruction of hypospadias requires cor-
rection of chordee when present. It is recommended that
boys with hypospadias not be circumcised, because the
foreskin may be used in the urethroplasty. If hypospadias
is associated with micropenis, treatment with testosterone
is usually performed before surgery.

IX. CRYPTORCHIDISM

A. Definition

Cryptorchidism, defined as failure of the testis to descend
into the scrotum, is another common disorder in boys.
Undescended testis has a prevalence of 4–5% in full-term
boys and 9–30% in premature boys (30). Spontaneous
testicular descent usually occurs by the first year of life,
when the prevalence of cryptorchidism declines to 1%.
Undescended testis is usually unilateral (90%) and most
often right-sided. The undescended testis can be located
along of the inguinal canal (72%), just distal to the ex-
ternal ring (20%), or intra-abdominally (8%). In rare in-
stances, the testis deviates from the normal pathway, a
condition referred to as ectopic testis. The ectopic testis
may be located in the superficial inguinal pouch, peri-
neum, femoral canal, prepenile scrotum, or contralateral
scrotum.

The true undescended testis must be differentiated
from conditions such as the so-called retractile testis: a

normal testis that has an active cremasteric reflex that
pulls it back into the groin. In this condition, the testis
can be brought into the scrotum without the testis being
under tension. A retractile testis can often be more easily
brought into the scrotum when the child assumes a squat-
ting position. Alternatively, it may be seen in the scrotum
when the child is in a warm bath.

B. Etiology

Undescended testis results from a disruption in physiolog-
ical testicular descent. Decreased androgen production as
a consequence of abnormalities of the hypothalamic–pi-
tuitary axis, such as anencephaly, pituitary aplasia, and
Kallmann syndrome, is associated with the occurrence of
undescended testis. Defects of androgen synthesis and an-
drogen-receptor insensitivity are also associated with the
presence of undescended testis (129, 130). Mechanical
anomalies related to urogenital obstruction including
prune belly syndrome, posterior urethral valves, and de-
fects of the abdominal wall such as gastrochisis and
omphalocele cause undescended testis (131). Several
syndromes with different chromosomal abnormalities (de-
letions, duplications, trisomies) include undescended testis
among their features. Genetic factors may play a role, this
being suggested by the occurrence of undescended testis
in 1.5–4% of fathers and 6.2% of brothers of patients with
cryptorchidism (30).

Insulin-like hormone-3 (INSL-3), also known as
Leydig insulin-like protein, is involved in testicular de-
scent. Mice with mutations of INSL-3 have bilateral
undescended testis with abnormal development of the
gubernaculums (132). Tomboc et al. reported the pres-
ence of two mutations in the connecting peptide region
of the protein in 2 of 145 patients with undescended
testis (133).

C. Evaluation of Undescended Testes

In newborns with male external genitalia and bilateral
undescended testis, salt-losing congenital adrenal hyper-
plasia in a female infant must be excluded. If the karyo-
type is 46,XY, the presence of dysmorphic features may
indicate a specific syndrome. Radiological studies may
be warranted in the diagnosis of undescended testis. Tes-
tes located in the external inguinal canal or just adjacent
to the external inguinal ring are easily detected by a
high-resolution ultrasound scan (134). In a 46,XY sub-
ject with unilateral undescended testis, evaluation is ad-
vised at 1 year of age. In older children with unde-
scended testis, hormonal evaluation, including evaluation
of LH, FSH, and AMH is recommended. In children with
hypogonadotropic hypogonadism, complete hormonal
evaluation is indicated as discussed in the section on mi-
cropenis.
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D. Consequences of Cryptorchidism

Testicular neoplasm, infertility, testicular torsion, and in-
guinal hernia are the most common complications of un-
descended testis. The risk of testicular malignancy in the
general population is 1 in 45,000 males. However, 10%
of adult testicular tumors occur in men with a history of
undescended testis. The risk of testicular tumor in subjects
with unilateral and bilateral undescended testis is 15 and
33 times greater, respectively, than that of subjects with
normal testes. Intra-abdominal testes are five times more
likely to develop a tumor. Germ-cell degeneration and
dysplasia are considered the causes of malignancy. Sem-
inomas are the most common type of malignancy, fol-
lowed by embryonal cell carcinoma. Most studies indicate
that bringing the testis down into the scrotum does not
reduce the risk of subsequent malignancy. Malignancy
may occur after orchiopexy or in the contralateral nor-
mally descended testis (30).

Infertility is due to lack of or decrease in the number
of germ cells as a consequence of temperature-induced
degeneration. Histological abnormalities with decreased
number of the spermatogonia in undescended testis are
reported as early as 3 months of age (135). By 2 years of
age the germ cells have decreased to 40% of normal.
There is also an increase in interstitial fibrosis and colla-
genization in peritubular connective tissue. There is in-
direct evidence that the abnormality in the contralateral
descended testis occurs at an early age. Autoantibodies to
the undescended testis may be produced and can cause
degenerative changes in the descended testis. Paternity
rates are lower in men with history of bilateral cryptor-
chidism than in men with a history of unilateral cryptor-
chidism. Sudden painful inguinal swelling in association
with cryptorchidism can represent testicular torsion or her-
nia with incarceration, both of which indicate the need for
urgent intervention.

E. Treatment

The therapeutic goals in treating cryptorchidism are to
prevent infertility, avoid malignancy, correct an associated
hernia, if present, and alleviate psychological stress
caused by the empty scrotum.

1. Hormonal Therapy
Different protocols with hCG and/or pharmacological
preparation of gonadotropin-releasing hormone (GnRH)
have been used with a range of success. The World Health
Organization recommends hCG 250 IU twice a week for
5 weeks in boys up to 1 year of age. From 1 to 5 years
of age, 500 IU is recommended twice weekly for 5 weeks.
In older boys, 1000 IU twice weekly is suggested for 5
weeks. Nonetheless, published dosages and treatment
schedules have varied from 100 to 4000 IU per injection
given 2–3 days per week for 1–5 weeks. Combined treat-
ment using hCG and GnRH analogs for a total of 4 weeks

has been reported to improve response in nonpalpable tes-
tis (136).

Successful treatment of the true undescended testis
with hCG has varied from 6 to 65%. Hormonal treatment
is more effective in the treatment of testis located imme-
diately prescrotally. However, some reports suggest that
hormonal therapy is only successful for those testes that
would have ultimately descended without surgery.

2. Surgical Therapy
The optimal time to operate is unknown, considering that
evidence that histological changes in the testis occur early
as 2–3 months of age. However, the recommendation of
the Action Committee on Surgery of the Genitalia is to
perform orchiopexy at 12 months of age. Numerous stud-
ies have reported that 75% of testes descend spontane-
ously by this age without further chance of descent there-
after. Anesthesia risk by this age is minimal when
administered by experienced pediatric anesthesiologists.
Most orchiopexies are performed as outpatient proce-
dures. Ectopic testes and testes in the inguinal canal are
brought into the scrotum by a small inguinal crease inci-
sion. The gubernaculum and cremasteric muscle are sep-
arated from the testis, and the lateral Prentiss fibers are
divided, thereby allowing the testis a more direct route
into the scrotum. The testis is then fixed in place with a
suture. There is a 90% incidence of inguinal hernia with
undescended testis, which is usually repaired simultane-
ously. The success rate of this operation is reported to be
over 95%. Bilateral inguinal testes can be operated on at
the same time. Nonpalpable undescended testis can now
be located by laparoscopy to inspect the peritoneal cavity.
Of nonpalpable testes, 20% are atrophic, and blind-ending
spermatic vessels and vas deferens are noted intra-abdom-
inally. Numerous radiological investigations have been
performed, including sonograms, CT scans, venography
of the spermatic vessels, and, recently, MRI. If, at the time
of laparoscopy, the testis is located, an orchiopexy can be
performed.

Most testes can be placed within the scrotal sac by
one procedure. However, when the spermatic vessels are
extremely short, a two-stage orchiopexy can be per-
formed. The spermatic vessels are ligated or divided dur-
ing the first stage, allowing collateral blood supply via the
vasal artery to develop. Then, 4–6 months later, the testis
can be brought into the scrotal sac and nourished with the
vasal blood supply with a success rate of 90%. In bilateral
nonpalpable testis, hCG stimulation tests should be per-
formed before laparoscopy to rule out testicular agenesis.
Laparoscopy in children has been shown to be safe by the
age of 1 year and can be done as an outpatient proce-
dure (30).
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I. INTRODUCTION

Around the time of birth and during the first few years
of life, thyroid hormone economy undergoes major
changes that need to be understood for the proper inves-
tigation and treatment of thyroid dysfunction. The dra-
matic consequences of congenital hypothyroidism (CH)
that is not diagnosed during the neonatal period for later
brain development underline the importance of prompt
recognition of abnormal thyroid function test results. Al-
though congenital hyperthyroidism is a much less com-
mon and usually self-limited entity, it may also lead to
dramatic consequences. Heart failure and even death
from this condition have been reported in hyperthyroid
newborns, and later developmental problems may occur
as well.

The most striking changes in plasma thyroid-stimu-
lating hormone (TSH) and thyroid hormone levels occur
immediately after birth. It is therefore important to know
about the neonatal TSH surge, which reaches its maxi-
mum in the first few hours of life, and is followed by a
peak in plasma thyroxine (T4) approximately 24 h later.
An isolated TSH measurement in the first 24 h of life may
therefore lead to an erroneous diagnosis of primary hy-
pothyroidism, while an isolated measurement of T4 on the
second day of life may lead to an incorrect diagnosis of
hyperthyroidism.

However, it is also important to recognize that several
parameters of thyroid function, such as the normal ranges
of free T4 and of total T3, extend to much higher levels
in infancy than in older children or adults. The mecha-
nisms underlying these age-related changes in thyroid hor-
mone levels are briefly reviewed in the following section,
and the clinical problems are discussed next in order of
frequency and importance. The vast majority of these
problems present as abnormalities of thyroid function, but
some structural thyroid problems may also present in in-
fancy.

II. CHANGES IN THYROID HORMONE
ECONOMY FROM CONCEPTION TO
3 YEARS OF AGE

A. Embryonic Period

The median anlage of the thyroid migrates from the lin-
gual area to its normal location in the neck between the
5th and 7th week of embryonic life. Once migration is
complete, the median anlage connects with the lateral
lobes that are derived from the fourth and fifth pharyngeal
pouches. However, from the functional standpoint, the ca-
pacity to concentrate iodine only appears at about 12
weeks and control of thyroid function by the hypothala-
mopituitary axis is only established at 18 weeks. Because
of this, the low amount of T4 that can be measured in
amniotic cavities in the first trimester must be of maternal
origin, suggesting that some transplacental passage of T4

already occurs at that stage (1). This may explain the del-
eterious effects of maternal hypothyroidism (which has
been most dramatically illustrated in severe iodine defi-
ciency) on the intellectual development of the offspring.
This may justify biochemical screening of women who
have a personal or family history of thyroid disease and
who are contemplating becoming pregnant (2).

B. Fetal Period

In fetal blood, T3 is low because of the presence of the
placenta, with its very rich content in type III deiodinase
(which transforms the prohormone T4 in the inactive hor-
mone reverse T3 [(rT3)] and T3 itself into the inactive T2).
The low T3 milieu may be responsible for the maintenance
of a low level of in utero thermogenesis. TSH is high,
probably because of extrahypothalamic sources of TRH,
such as the pancreas and the placenta. Between 20 weeks
and term, fetal plasma free T4 increases progressively be-
cause of increased secretion by the fetal thyroid (3). How-
ever, even in the complete absence of fetal thyroid func-



348 Van Vliet

tion, cord blood T4 is 20–50% of the mean value of
euthyroid neonates (4). This suggests that the transplacen-
tal passage of T4 alluded to above may become substantial
in the third trimester and allow some protection of the
fetal brain against defective function of the fetal thyroid.
The fetal brain is also protected against hypothyroidism
by its rich content of type II deiodinase, the enzyme that
converts T4 into the active hormone T3, which is up-
regulated in hypothyroidism. These two protective mech-
anisms provide the framework supporting the concept that
complete salvage of intellectual potential is possible even
in cases of severe congenital hypothyroidism provided ef-
fective treatment is administered soon after birth (see be-
low).

Another important consideration deriving from the
above is that prenatal screening of all pregnant women for
fetal hypothyroidism is probably not justified. At present,
it would require amniocentesis, and the risks of this pro-
cedure would outweigh the possible benefits of diagnosing
hypothyroidism in the fetus. However, in utero diagnosis
of hypothyroidism by cordocentesis and treatment of the
fetus by intraamniotic injections of levothyroxine have
been reported (5). The major indication is to determine
the cause of a fetal goiter discovered by ultrasonography
(if it cannot be reasonably guessed from the clinical con-
text), so as to choose the most appropriate treatment to
decrease its size. Indeed, a large goiter in the fetus entails
potential risks during labor (face presentation) or after
birth (respiratory distress).

C. Neonatal Period

Presumably as a consequence of the precipitous drop in
ambient temperature, plasma TSH increases markedly in
normal newborns, with a peak in the first 24 h of life.
This is followed by a more shallow increase in plasma T4,
peaking during the second day of life. Thus, screening for
congenital hypothyroidism using TSH as the primary
method should be delayed until after 24 h of life, other-
wise the number of false positive tests would become un-
acceptably high. In premature newborns, the postnatal
peaks of TSH and of T4 occur within the same time frame,
but their amplitude is somewhat lower than that observed
in term newborns.

D. Infancy

The relative dosage (in �g/kg/day) of thyroxine needed
to maintain euthyroidism in hypothyroid subjects de-
creases exponentially during the first 2 years of life from
about 10 to about 5 �g/kg/day (6). In absolute terms, the
�50 �g thyroxine needed by a newborn correspond to
about 15% of the neonatal intrathyroidal iodine pool,
whereas the 150 �g needed by an adult correspond to only
1% of the mature intrathyroidal iodine pool. A higher io-
dine turnover is in general associated with higher plasma
T3 (7) and, accordingly, the normal range of plasma T3

extends to higher values in infancy than in adulthood (8)
(Table 1).

III. CONGENITAL HYPOTHYROIDISM

A. Nomenclature

As is the case at later ages, hypothyroidism in infancy can
be congenital or acquired, peripheral (primary) or central
(secondary or tertiary), and permanent or transient in na-
ture (Table 2). Because the most common and most po-
tentially deleterious for long-term intellectual outcome is
permanent primary congenital hypothyroidism (PPCH),
PPCH will be the focus of this section. On the other hand,
transient hypothyroxinemia without elevation of plasma
TSH is very common in premature infants. Yet there is
still controversy as to whether this is a disease entity re-
quiring treatment or whether it is one of the many mech-
anisms by which the premature infant adjusts to extra-
uterine life. Transient hypothyroxinemia is therefore the
subject of a section separate from congenital hypothyroid-
ism. Likewise, newborns are very sensitive to iodine de-
ficiency and this remains a major cause of congenital hy-
pothyroidism worldwide. The distribution of neonatal
TSH levels and the percentage of newborns with TSH >
5 mIU/l on neonatal blood spot samples has been pro-
posed as a means to evaluate the extent of iodine defi-
ciency in a population (9). This major public health prob-
lem is beyond the scope of the present chapter.

The prevalence of permanent primary CH is not in-
creased in preterm infants (10). However, an increased
prevalence of transient primary CH has been reported in
some studies of premature newborns. The best character-
ized is due to the Wolff-Chaikoff effect: the induction of
hypothyroidism by acute iodine overload (most often from
iodine-containing antiseptic agents) (11). This condition
has been mostly reported from areas of Europe where
there is mild iodine deficiency and does not appear to
occur in North America (12), presumably because the io-
dine intake of pregnant women in this area remains, on
average, above a critical threshold.

Finally, the hypothyroidism resulting from domi-
nantly inherited mutations that inactivate the T3 receptor
can sometimes be severe enough to be recognized in the
neonatal period. Molecular confirmation of this diagnosis
has now been obtained in over 200 pedigrees, but this
condition will not be discussed further in this chapter and
the reader is referred elsewhere (13).

B. Epidemiology and Causes of PPCH

PPCH affects 1:2500–4000 newborns. On the basis of
newborn screening programs, its worldwide incidence is
relatively similar over a wide range of ethnic groups and
geographical areas. The only possible exception to this
rule is a lower prevalence among black populations (14).
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Table 1 Pediatric Reference Intervals for T4, T3, TSH, and Free T4

Analyte Age

Females

Mean Reference interval n

Males

Mean Reference interval n

T4, nmol/La 1–11 months 122 82–162 116 120 79–161 135
1–5 years 120 79–160 471 116 75–158 589
6–10 years 115 75–154 462 111 69–152 600
11–15 years 109 69–149 799 106 63–147 614
16–20 years 104 64–144 565 99 58–142 200
Total 2413 2138

T3, nmol/Lb 1–11 months 2.46 1.52–3.39 70 2.46 1.58–3.35 93
1–5 years 2.37 1.43–3.30 262 2.38 1.54–3.27 340
6–10 years 2.20 1.62–3.12 255 2.26 1.37–3.13 362
11–15 years 2.03 1.09–2.95 483 2.12 1.24–3.00 341
16–20 years 1.84 0.92–2.78 346 1.98 1.11–2.86 131
Total 1416 1267

TSH, mIU/L 1–11 months 2.2 0.8–6.3 131 2.2 0.8–6.3 158
1–5 years 2.0 0.7–5.9 523 2.1 0.7–6.0 659
6–10 years 1.8 0.6–5.1 562 1.9 0.7–5.4 698
11–15 years 1.5 0.5–4.4 1057 1.7 0.6–4.9 738
16–20 years 1.3 0.5–3.9 809 1.6 0.5–4.4 223
Total 3082 2476

Females and Males

Free T4, pmol/Lc 1–11 months 19.5 9.5–39.5 47
1–5 years 18.4 9.0–37.2 91
6–10 years 16.9 8.3–34.1 57
11–15 years 15.5 7.6–31.5 88
16–20 years 14.1 7.0–28.7 70
Total 353

aTo convert nmol/L to �g/dl, divide by 12.87.
bTo convert nmol/L to ng/dl, multiply by 65.1.
cTo convert pmol/L to ng/dl, divide by 12.87.
Source: From Ref. 8. Reference values were obtained with the AutoDelfia analyzer (Wallac, Finland); different values may be expected with
other methods.

Eighty to 90% of PPCH cases are due to develop-
mental defects of the thyroid gland (thyroid dysgenesis),
such as arrested migration of the embryonic thyroid in the
sublingual area (ectopic thyroid) or an apparently com-
plete absence of thyroid tissue on scan with sodium per-
technetate (athyreosis). Renewed interest in thyroid de-
velopment has stemmed from the identification of
transcription factors that are relatively thyroid-specific and
from the generation of knock-out mice for these transcrip-
tion factors. In humans, a few single gene defects have
been shown to account for some cases of familial thyroid
dysgenesis, but the vast majority of cases are sporadic and
result from as yet unknown mechanisms (15). The re-
maining 10–20% of PPCH cases have functional defects
in one of the steps involved in thyroid hormone biosyn-
thesis (thyroid dyshormonogenesis), which follow an au-
tosomal recessive mode of inheritance.

Recent studies have reevaluated whether genetic fac-
tors are involved in thyroid dysgenesis. Thus, a nation-
wide study of cases diagnosed by neonatal screening in
France identified 48 familial cases out of 2472 (2%),
which is 15-fold more than expected by chance. Analysis
of the most typical pedigrees suggested autosomal domi-
nant inheritance with incomplete penetrance, although
there was also evidence for genetic heterogeneity (16).

Ectopy and athyreosis are generally considered as
part of a spectrum. Recent arguments in favor of this view
are that athyreosis and ectopy can coexist in the same
pedigree (16) and that ttf 2 -/- mice can have either ectopy
or athyreosis, with a 50/50 distribution between the two
phenotypes (17). On the other hand, the female prepon-
derance classically described for thyroid dysgenesis as a
whole is in fact only significant for ectopy, according to
the results of two large recent surveys (15,18) (Table 3).
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Table 2 Classification of Causes of Congenital
Hypothyroidism

Central: Rare
Mutation of the TRH receptor
Mutation of beta-TSH
Mutation of (PROP)PIT-1
So-called idiopathic hypopituitarism (usually with classic

triad on MRI, see text)
Peripheral: Frequent (1:2500–4000 newborns)

Ectopic thyroid (most often sublingual): �70% of cases
Mutations inactivating PAX-8
Other mechanisms (postzygotic stochastic events)

Athyreosis �15% of cases
True (undetectable plasma thyroglobulin)

Mutations inactivating TTF-2
Other mechanisms

Apparent
Permanent

Mutations inactivating TSHR or NIS
Other mechanisms

Transient: maternal TSH-receptor blocking
antibodies

Dyshormonogenesis (leading to goiter): �10–20% of
cases

Thyroid of normal shape, position and size: �5% of
cases

Source: See Refs. 15 and 25 for discussion.

Table 3 Proportion of Girls with Ectopy or Athyreosis
from Quebec and Toronto

Quebec Toronto

Ectopy:
Proportion of girls
95% confidence interval
Number of subjects

0.74
0.67–0.81

141

0.78
0.67–0.89

54
Athyreosis:

Proportion of girls
95% confidence interval
Number of subjects

0.58
0.42–0.74

36

0.61
0.44–0.78

31

Source: Adapted from Refs. 15 and 18

This may suggest distinct molecular mechanisms for the
two forms of thyroid dysgenesis, or sex-specific modifiers
of a common initial event (15). The fetal sex ratio in stud-
ies of various embryopathies is seldom reported (19), and
indeed was not reported for the ttf 2 -/- mice.

It should also be kept in mind that athyreosis itself
may be heterogeneous (Table 2). Undetectable uptake on
scan may represent so-called true athyreosis (a diagnosis
that should be validated by an undetectable plasma thy-
roglobulin) or apparent athyreosis from transplacental
transfer of TSH-receptor blocking antibodies; Na/I sym-

porter mutations; or ectopic tissue too small for the limit
of detection of nuclear medicine scans.

The differentiation between athyreosis and ectopy is
of more than academic interest. Apparent athyreosis from
transplacental transfer of TSH-receptor blocking antibod-
ies leads to transient CH but has a very high risk of re-
currence in subsequent pregnancies (20). The observation
that PPCH from athyreosis does not have a sex ratio that
is significantly different from 0.5 (Table 3) suggests that
autosomal recessive mechanisms may be involved in a
significant proportion of cases. Indeed, several pedigrees
have been described in which apparent athyreosis was due
to either compound heterozygosity (21) or homozygosity
(22) for mutations that result in complete inactivation of
the TSH receptor. Anatomically, the absent uptake was
due to the fact that the gland was severely hypofunctional,
but careful ultrasonography demonstrated that a hypo-
plastic gland was present and was of normal shape and
position. This is consistent with the concept that TSH and
its receptor are necessary for growth and function of the
thyroid, but not involved in the initial differentiation of
thyroid cells or in the migration of the thyroid anlage.

A milder form of TSH resistance can be seen in pseu-
dohypoparathyroidism, in which an increased level of
TSH at neonatal screening or during infancy may be the
presenting sign (23), before obvious phenotypic features
are recognized; and in non-TSH-receptor-related TSH re-
sistance, with a consistently normal plasma T4, a normal
orthotopic gland on 99mTc imaging, and a dominant pattern
of inheritance (24). Permanent or transient hyperthyrotro-
pinemia of infancy, with normal plasma T4 and normal
thyroid anatomy, can also be seen without a family history
and its mechanisms remain to be elucidated. It may occur
in otherwise normal children or in children with other
phenotypic abnormalities, such as respiratory distress and
developmental delay (as in patients with mutations in
TTF-1; see Table 4). It can also be seen in Down syn-
drome (see below).

Aside from TSH receptor mutations in athyreosis, a
search for mutations in the genes coding for thyroid tran-
scription factor-1 (TTF-1), for TTF-2 or for the paired
domain factor PAX 8 has so far yielded only a handful of
positive results. The careful description of the phenotypes
of these naturally occurring mutation in humans and of
the corresponding knock-out experiments in mice is of
great importance for our understanding of thyroid gland
development, but is beyond the scope of this chapter. The
reader is referred elsewhere for this aspect (25). For clin-
ical purposes, Table 4 proposes guidelines for when a spe-
cific gene should be examined.

C. Clinical Aspects and Rationale for
Biochemical Screening

Signs and symptoms of hypothyroidism in the newborn
period are almost always overlooked, yet this is when ir-
reversible brain damage occurs. In the experience of the



Thyroid Disorders in Infancy 351

Table 4 Transcription Factor Mutations and Congenital Hypothyroidism

Thyroid phenotype Other features Gene Type of genetic lesion Transmission

Mildly ↑ TSH
Gland normal in shape, size, and

position

RDS
Developmental delay
Ataxia

TTF-1 Chromosomal deletion
Missense

de novo or inherited
de novo

Athyreosis Cleft palate
Choanal atresia
Kinky hair

TTF-2 Missense AR

Ectopy or orthotopic hypoplasia Cysts within thyroid remnants PAX-8 Missense AD or de novo

RDS, respiratory distress syndrome; TTF, thyroid transcription factor; AR, autosomal recessive; AD, autosomal dominant.

Table 5 Screening and Evaluation Strategies for CH: Quebec Guidelines, 2001

Heel prick after 24 h of life except if
Transfer to another hospital (sample should be taken at hospital of birth)
Exchange blood transfusion
Death within 24 h

Note: entire surface of the spot should be filled (avoid soiling)
Samples should be sent to screening laboratory every weekday
Assay for TSH by time-resolved fluorometric assay technique

If TSH is less than 15 mIU/L: normal
If TSH between 15 and 29 mIU/L, total T4 is measured on blood spot:

If total T4 is less than 87 mmol/l,a immediate referral
If total T4 is greater than 87 nmol/l,a a second blood spot is requested and the infant is referred if TSH is still 15 mIU/l

or above
If TSH is greater than 30 mIU/l, immediate referral

Upon referral:
History and physical examination
Anteroposterior x-ray of knee
99mTc scintigraphy of cervical, lingual, and mediastinal area
blood for TSH, free T4, T3, antithyroperoxidase antibodies in mother and baby
plasma thyroglobulin in baby if apparent athyreosis on scan
Start treatment without waiting for results of blood tests

a65 nmol/l if birthweight less than 2.5 kg.

last 12 years at the author’s institution, the diagnosis was
suspected clinically in only 2 of more than 150 newborns.

For this reason, systematic biochemical screening of
newborns was undertaken in the 1970s and is becoming
the standard of care in an ever-increasing number of coun-
tries. The screening strategy is based on primary TSH
measurements in most countries, followed by T4 measure-
ment if TSH is raised above a certain cutoff. As an alter-
native, the so-called primary T4 strategy is still used in
most American states. The time at which the sample is
taken may also vary between centers, with some taking
cord blood, but the majority take blood from a heel prick
after 24 h of age, to avoid an unacceptable percentage of
recall due to the neonatal TSH surge alluded to above.
Therefore, the practice of discharging newborns on the
day of birth represents an organizational challenge to
screening for CH.

Knowledge of the specific technique and cutoff levels
used by the screening program is not as important as the
clinician’s awareness that a positive screening result
should prompt immediate action and that continuous au-
diting of the turnaround time of the screening program is
essential. Many individuals are involved between the time
the sample is taken and sent to the screening laboratory
and when the laboratory technician reports an abnormal
result to the clinician. Human errors are the single most
important factor in delayed or missed diagnoses of CH.
The current guidelines used by the Quebec screening pro-
gram are given in Table 5.

Aside from human errors, truly normal screening
TSH and T4 values have been found in infants who de-
veloped severe hypothyroidism during infancy. Thus, for
unknown reasons, children with thyroid dyshormonogen-
esis can have normal TSH and T4 as newborns and yet
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present in the first 2 years of life with clinical and bio-
chemical evidence of severe hypothyroidism (10, 26). The
second situation arises from the fact that monozygotic
twins are generally discordant for thyroid dysgenesis and
that the affected twin may have normal screening values
because of subtle blood mixing between the euthyroid and
the hypothyroid fetus (27). Lastly, dopamine infusions
may lead to a false-normal plasma TSH result in spite of
primary hypothyroidism (28). Thus, in spite of normal
neonatal screening results, the appearance of signs and
symptoms suggestive of hypothyroidism in an infant jus-
tifies repeating the determination of TSH and T4.

D. Diagnostic Evaluation of the
Hypothyroid Newborn

As stated above, a clinical diagnosis is almost never made
in the newborn period. However, when a baby is referred
for evaluation of a positive test, it is sometimes possible
to elicit a history of increased sleepiness, poor feeding, or
constipation. The family history should focus on whether
there are other cases of CH or whether the mother is
known to have autoimmune thyroid disease. On physical
examination, prolonged icterus and large fontanelles are
the most frequently encountered signs. A careful inspec-
tion of the cervical area, with the neck hyperextended, is
important to detect a goiter. However, even obvious
goiters on nuclear medicine scanning can be missed by
experienced clinicians and imaging studies are almost al-
ways necessary. Extrathyroid abnormalities should be
noted: congenital hypothyroidism can be part of a poly-
malformative syndrome (Table 4) and a fivefold increase
in the prevalence of minor defects in septation of the em-
bryonic heart has been reported in children with thyroid
dysgenesis (15).

Blood is taken to confirm the positive screening re-
sults. In addition to TSH, we routinely measure free T4,
total T3, and thyroglobulin from this sample. Although the
prevalence of transient CH from transplacental transfer of
TSH receptor-blocking antibodies is low (29), this possi-
bility should be investigated in cases with apparent athy-
reosis or with a gland of normal shape and size but de-
creased uptake.

Because of the importance of a precise diagnosis in
establishing that CH is permanent (as in true athyreosis
and ectopy) or that it has a 25% recurrence risk in sub-
sequent siblings (as in dyshormonogenesis), a nuclear
medicine scan should be obtained. This should ideally be
carried out on the day of the initial diagnostic evaluation,
but can be performed during the first few days of thyrox-
ine treatment because, as long as plasma TSH is still el-
evated, there will be uptake of the tracer by thyroid tissue.
The isotope of choice is sodium pertechnetate (99mTc),
which is available daily in most nuclear medicine services.
However, difficulties in arranging for imaging studies
should never be taken as an excuse for not initiating treat-

ment on the first visit. A nuclear medicine scan can always
be obtained after withdrawing treatment for a month at 3
years of age (when hypothyroidism no longer has per-
manent consequences for brain development); however,
obtaining good imaging is easier in a newborn than in a
toddler. Lastly, one should not wait for the results of con-
firmatory blood tests before starting treatment.

The technical quality of nuclear medicine scans is
important (30). The unequivocal demonstration of ectopic
sublingual tissue requires that the salivary glands be
empty (which can easily be achieved in newborns by feed-
ing them between the intravenous [IV] injection of tech-
netium and scanning, and in toddlers by giving them a
piece of candy). Ascertaining that the technetium has been
injected in the vein is also essential. Because of these
pitfalls of nuclear medicine imaging (and the radiation
involved, although the dosage is minimal), ultrasound
scanning has been evaluated for the etiological diagnosis
of CH. The differentiation between normal thyroid lobes
and the hyperechogenic structures (likely the ultimobran-
chial bodies) in the same location when there is no ortho-
topic thyroid is difficult and requires a highly skilled pe-
diatric radiologist (31). Ultrasound scanning has therefore
not replaced nuclear medicine imaging at most centers.

E. Treatment and Outcome of Congenital
Hypothyroidism

Before systematic biochemical screening of newborns, the
mean IQ of CH children was 76 (32) and 40% required
special education (33). Even in those with normal IQs,
specific cognitive deficits were common (34). These num-
bers provide the historical background against which to
gauge the success of biochemical screening and different
treatment regimens.

In the first generation of screened CH newborns,
treatment was started at a mean age of 23–30 days and
the starting dosage of levothyroxine was 5–6 �g/kg �day.
While it was recognized that such a dosage did not nor-
malize plasma TSH for weeks or even months, this was
thought to reflect resistance to the normal feedback con-
trol mechanisms. However, such a resistance occurs only
in a minority of CH newborns (35). The first report of
developmental outcome of screened CH children sug-
gested that intellectual impairment had been completely
eliminated (36). This first report also found no impact of
the initial severity of hypothyroidism at diagnosis. How-
ever, a meta-analysis published 15 years later and includ-
ing 675 children with CH and 570 controls from 7 studies
clearly showed that initial disease severity was an impor-
tant determinant of outcome. Specifically, the subgroup of
children with severe CH had a mean loss of six IQ points
compared to controls, and in some studies the difference
was in the range of 10–20 IQ points, which is not only
statistically but also clinically significant (37).
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Severity of CH at diagnosis can be evaluated in a
number of different ways (38). Most commonly, this has
been done on the basis of the plasma level of T4, of the
bone maturation, or of the cause (athyreosis vs. ectopy).
An important concept is that the impact of severity of CH
on developmental outcome does not appear linear: rather,
there seems to be a threshold below which an infant with
CH was at greater risk of developmental problems. This
has been most convincingly demonstrated by Tillotson et
al. (33), who defined a plasma total T4 at diagnosis of 43
nmol/l as the critical point below which the IQ became
affected by CH.

A more detailed description of these studies mostly
carried out in the eighties does not seem necessary, be-
cause age at starting treatment and initial dosage of lev-
othyroxine have changed substantially since then. In the
last decade, most centers have been able to start treatment
at a mean age of 9–14 days. Also in the last decade,
because several lines of evidence suggested that the dos-
age used was suboptimal (not only persistent elevation of
TSH, but also persistent delay in bone maturation at 3
years were observed [39]), the starting dosage of levothy-
roxine has been increased at many centers to 10–15 �g/
kg �day. This regimen promptly normalizes plasma TSH,
but is associated with plasma free T4 levels above the
reference range of most laboratories. However, as re-
viewed above, the normal range of plasma free T4 extends
to much higher levels in infants than in older children or
adults (Table 1). In addition, the mean plasma level of T3

remains within the normal range and objective signs of
hyperthyroidism have not been documented. Frequent
monitoring of thyroid function (i.e., every 1–3 months)
was recommended by the American Academy of Pediat-
rics in 1993 (40). With frequent monitoring, the dosage
of levothyroxine will be titrated upwards in a timely fash-
ion when the starting dosage is low (41) and may be ti-
trated downwards if TSH is consistently below the normal
range and/or if T3 is high. Infants with dyshormonogenesis
appear to need less levothyroxine than those with dys-
genesis (18). Thus, further studies on the biochemical end-
points of treatment and the development of guidelines for
change in dosage are needed with the high initial dosages
currently used at many centers.

However, the most important aspect of outcome is
developmental and several recent studies have shown that
the developmental gap that existed between severe CH
children and controls has now been closed (6). Both early
and high-dosage treatment appear necessary (42). Detailed
studies of neurophysiological functions that may be more
sensitive to the effects of both over- and undertreatment
than the measurement of IQ may lead to greater individ-
ualization of initial dosage recommendations. In the
meantime, starting as early as possible with 10–15 �g/
kg �day appears safe and effective in achieving the major
goal of neonatal screening: to allow all CH children, in-
cluding those with a severe form of the disease, to achieve
their full intellectual potential (43).

IV. HYPOTHYROXINEMIA OF
THE NEWBORN

It is essential to define whether one is discussing de-
creased total or decreased free T4. The first condition that
needs to be ruled out in a newborn with low total T4

concentrations associated with normal plasma TSH is thy-
roxin-binding globulin (TBG) deficiency. This X-linked
condition is discovered only by screening programs using
a primary T4 approach (for technical reasons, total and not
free T4 is measured on the neonatal blood spot). It does
not require treatment, since the plasma levels of free thy-
roid hormones are normal and the subjects are euthyroid.
Loss of protein from nephrotic syndrome may also lead
to low total T4. With the generalization of free T4 assays,
unnecessary investigation and treatment of TBG defi-
ciency has become rarer.

In a term neonate with a low free T4 but normal TSH
level, true central hypothyroidism needs to be ruled out.
Isolated central hypothyroidism is exceedingly rare but
may also have profound long-term deleterious effects on
later development: it can be caused by mutations that in-
activate the gene coding for the beta-subunit of TSH (44)
or the gene coding for the TRH receptor (45). More com-
monly, central hypothyroidism occurs in association with
other anterior pituitary hormone deficiencies: hypoglyce-
mia, prolonged conjugated hyperbilirubinemia, and micro-
phallus and/or cryptorchidism will suggest associated
deficiencies in growth hormone, adrenocorticotropin
(ACTH) and luteinizing hormone (LH), respectively. Clin-
ical clues to a midline defect include cleft lip and palate
and optic nerve hypoplasia. Magnetic resonance imaging
reveals the classic triad of ectopic posterior pituitary; thin,
interrupted, or absent stalk; and hypoplastic anterior pi-
tuitary in most cases of congenital hypopituitarism. A nor-
mal pituitary anatomy should lead to consideration of mu-
tations in PIT-1 or in PROP-1 (46).

On the other hand, hypothyroxinemia relative to term
values, but with normal TSH, is a very common finding
in premature newborns (10). It does not only reflect low
TBG levels because free T4 levels are low as well. This
should probably be considered as a situation akin to that
seen at later ages in the presence of severe nonthyroidal
illness. Indeed, numerous studies have shown that there is
a correlation between the degree of lowering of T4 and
negative outcomes, both short-term (mortality) and long-
term (developmental problems). However, correlation
does not imply causation: indeed, randomized, double-
blind, placebo-controlled studies of thyroxin supplemen-
tation have not shown an overall benefit in terms of mor-
bidity, mortality, or developmental outcome. In fact, lower
IQs were observed in levothyroxine-treated infants born
after 27 weeks of gestation. Further research is underway
to determine if the apparent benefit from thyroxin supple-
mentation in extremely premature (<26 weeks) infants is
confirmed (47). Systematic supplementation of all low-
birthweight babies is not recommended at this time.



354 Van Vliet

V. CONGENITAL HYPERTHYROIDISM

As is the case later in life, a high plasma T4 level does
not necessarily indicate hyperthyroidism. As noted above,
there is a physiological, transient peak of plasma T4 on
the second day of life. Aside from the precise postnatal
age, the next most important thing to know is whether the
laboratory reports total or free T4. A high T4 in the face
of a normal free T4 suggests TBG excess, a condition that,
like TBG deficiency, should not be treated. TBG excess
may be genetically determined or may be due to liver
disease. In the syndrome of generalized resistance to thy-
roid hormone mentioned above, high circulating levels of
thyroid hormones are in fact associated with hypothyroid-
ism and plasma TSH is high.

On the other hand, and as is also true in later life, a
low or undetectable plasma TSH level, even with ultra-
sensitive third-generation assays, is not sufficient to estab-
lish a diagnosis of hyperthyroidism: it can be seen in cen-
tral hypothyroidism or in severe nonthyroidal illness. To
make a diagnosis of true hyperthyroidism, the combina-
tion of a low or undetectable TSH with high T4 and/or T3

is required.

A. Transient Graves’ Disease

Most commonly, hyperthyroidism in infancy occurs dur-
ing the early neonatal period and is due to the transpla-
cental transfer of TSH receptor-stimulating antibodies
from a mother with either a current or a past history of
Graves’ disease. Given the high prevalence of Graves’ dis-
ease in the population of women of childbearing age, it
is surprising that clinically significant hyperthyroidism oc-
curs so seldom in newborns: estimates of 1:25,000 births,
or of 1–3% of the offspring of mothers with Graves’ dis-
ease, are quoted in the literature. The measurement of
TSH receptor-stimulating antibodies in the plasma of
pregnant women with past or current Graves’ disease has
been advocated as a means to detect the fetuses more at
risk, but is not universally practiced (48). In spite of its
rarity, the serious nature of the condition justifies careful
clinical screening. The mother should be warned of the
potential risk; fetal growth and heart rate should be mon-
itored; the newborn should be examined for the presence
of a goiter, of exophthalmia, or of tachycardia without
underlying heart disease; and weight gain during the first
3 months of life should be meticulously monitored.

The recommendations about antithyroid drug treat-
ment in pregnancy are that it should be aimed at main-
taining the patient slightly hyperthyroid so as to avoid
fetal hypothyroidism from transplacental transfer of the
drug. However, a woman may occasionally be treated
with dosages of antithyroid drugs that are high enough to
make the fetus hypothyroid. This may even lead to the
development of a large goiter in the fetus and newborn,
which may become apparent on prenatal ultrasound or

because of the development of respiratory distress from
tracheal compression in the immediate neonatal period.
This transient drug-induced hypothyroidism may be fol-
lowed after a few days (i.e., after the drug is cleared from
the newborn’s circulation) by a period of a few weeks of
hyperthyroidism from the maternally derived TSH-recep-
tor-stimulating antibodies.

TSH-receptor stimulating antibodies may remain
present long after definitive cure of hyperthyroidism has
been achieved by the therapeutic administration of radi-
oactive iodine to an adolescent or adult with Graves’ dis-
ease. Therefore, it is important to enquire from the great
many women receiving thyroxine replacement for hypo-
thyroidism who become pregnant whether their hypothy-
roidism results from radioiodine treatment, even if this has
occurred years earlier.

Once this transient type of hyperthyroidism is rec-
ognized in a newborn, it should be treated vigorously to
prevent the development of heart failure. Hospital admis-
sion is usually required initially, and tachycardia may be
severe enough to justify continuous electrocardiographic
monitoring. Beta-blockers such as propranolol should be
administered at a dosage of 2 mg/kg. day in four divided
doses. Lugol’s solution, at a dosage of 1 drop every 8 h,
will block the release of the thyroid hormone stored in
the gland and can be given for a few days. The short-
acting propylthiouracyl is the preferred antithyroid drug
for the following reasons: in a newborn who is fed four
to six times a day, the need to give a drug four times a
day does not pose problems of compliance, as it does in
older children and adolescents; and compared to meth-
imazole, it has the extra benefit of decreasing the conver-
sion of T4 into T3. The starting dosage of propylthiouracyl
is 5–10 mg/kg. day, divided in four doses, and should be
carefully tapered over the first few weeks of life so as to
avoid the development of drug-induced hypothyroidism
once the TSH-receptor stimulating antibodies are cleared.
Pharmacological dosages of glucocorticoids have also
been used, because they block the conversion of T4 to T3.
More heroic treatments such as exchange blood transfu-
sions (49) or less traditional ones such as the administra-
tion of sodium ipodate (50) have been proposed. Although
their use is logical on the basis of the pathophysiology of
neonatal Graves’ disease, they have not gained wide ac-
ceptance and, in our experience, have not been necessary.

With prompt recognition and early, vigorous treat-
ment, the classically reported high death rate of neonates
with Graves’ disease should be a thing of the past. Like-
wise, the classically described intellectual impairment and
development of craniosynostosis (51) has no longer been
reported in recent series.

B. TSH Receptor-Activating Mutations

A familial form of nonautoimmune, persistent hyperthy-
roidism with dominant inheritance had been described 20
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years ago in Nancy, France. The authors had hypothesized
that this phenotype resulted from intrinsic activation of
TSH receptor function (52). The cloning of the human
TSH receptor has allowed to confirm this hypothesis (53).
Inherited mutations leading to constitutive activation of
the TSH receptor have now been described in several ped-
igrees from France and have begun to be recognized in
other areas of the world as well. Some of these pedigrees
had been considered as having familial Graves’ disease.
However, the neonates recognized as having hyperthy-
roidism from a mutation that constitutively activates the
TSH-receptor typically experience an unrelenting course,
in contrast to those with congenital hyperthyroidism from
maternal antibodies. Thus, definitive treatment is required
in these patients. Given the fact that there is no experience
with radioiodine in the very young, thyroidectomy has
been most commonly performed.

A handful of cases with de novo germline mutations
activating the TSH receptor have also been described (54).
Clinically, their phenotype has been uniformly severe and
early thyroidectomy is therefore advised. From the mo-
lecular standpoint, it is interesting to note that these de
novo mutations are ‘‘private’’, that is, they are different
from the ones that have so far been found in the pedigrees
with the dominantly inherited form (and are, in fact, only
seen also as somatic mutations in so-called hot nodules):
it has been suggested that the phenotypic consequences of
these de novo mutations are so severe that they became
extinguished because the affected individuals could not
reach the age of reproduction before modern medicine led
to recognition and definitive treatment of this condition
(55).

Lastly, somatic mutations activating the TSH receptor
have now been recognized as the most common mecha-
nism underlying the development of ‘‘hot’’ nodules (56).
This entity is predominantly a disease of adults and older
children, but a single case of a somatic mutation leading
to the formation of a hot nodule and to hyperthyroidism
of fetal onset has been reported (57).

VI. ACQUIRED HYPO- AND
HYPERTHYROIDISM IN INFANCY

The most common causes of acquired hypo- and hyper-
thyroidism are Hashimoto’s thyroiditis and Graves’ dis-
ease, respectively. These two entities are exceptional in
infancy. Specifically, Hashimoto’s thyroiditis has been re-
ported in only a handful of patients below the age of 3
years (58); the youngest patient we have observed with
Graves’ disease was 3 years and 8 months. The principles
of diagnostic evaluation are the same as in older children.
Prompt treatment of hypothyroidism is important, since
infancy is still a period during which the brain may un-
dergo irreversible alterations from hypothyroidism. Treat-
ment of hyperthyroidism is restricted to the use of anti-
thyroid drugs (with thyroidectomy as a second line), since

there is no experience of radioiodine use in patients under
the age of 6 years (59).

A category of infants who present often with mild
hyperthyrotropinemia with or without detectable antibod-
ies to thyroperoxidase are those with Down syndrome.
These children are known to have a higher prevalence of
autoimmune thyroid disease. However, even in the ab-
sence of antibodies, Down syndrome infants often present
with mild hyperthyrotropinemia. A study of of CH screen-
ing in all newborns with Down syndrome born in the
Netherlands over a 2-year period showed that, compared
to normal newborns, the distribution of T4 was shifted
downwards and that of TSH was shifted upwards (60).
Furthermore, the elevated TSH is biologically active, sug-
gesting that there is a mild primary thyroid defect in all
children with Down syndrome (61). However, the clinical
relevance of these biochemical findings is difficult to as-
sess: the abnormalities are mild and the Québec TSH
screening program has not identified a single case of per-
manent primary CH associated with Down syndrome (15).
Furthermore, signs of hypothyroidism are particularly dif-
ficult to document objectively in these children. While it
is reasonable to treat with thyroxine, on the basis of the
concept that a high TSH level implies that pituitary (and,
by inference, brain) receptors are perceiving an insuffi-
cient amount of intracellular T3, there is no evidence of
clinical benefit (62).

VII. STRUCTURAL THYROID PROBLEMS

A. Thyroglossal Duct Cysts

The migration of the median thyroid anlage described
above occurs along a path that is paved by epithelial cells.
This path, which is called the thyroglossal duct, usually
closes after migration is complete. However, when it re-
mains patent, fluid may collect at its more caudal end and
constitute a thyroglossal duct cyst. These cysts typically
present as a midline, soft, regular mass in the lower neck
of an asymptomatic infant (or older child). However, they
may also present with acute swelling, pain, and redness
secondary to an acute infection.

Elective surgical removal of thyroglossal duct cysts
is therefore advised, because surgery after an acute infec-
tion has occurred is more difficult (63). Before elective
surgery, we still recommended performing a 99mTc scan
(rather than an echogram, for the technical reasons dis-
cussed above), to ascertain that the midline neck mass
does not represent ectopic thyroid tissue, which usually
will be the only thyroid tissue present in the patient and
removal of which will lead to severe and irreversible hy-
pothyroidism.

B. Suppurative Thyroiditis

Because of its rich content in iodine, a potent disinfectant,
the thyroid gland is seldom the site of bacterial infections.
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In infancy (and even later), bacterial infection of the thy-
roid in a host with normal immune function is often as-
sociated with a fistula arising from the pyriform sinus.
Although thyroid abscesses can present at any age, the
fact that they are causally linked to a congenital malfor-
mation (which is usually present on the left side) explains
their relatively high frequency in young children. Thus, in
an infant presenting with a rapidly growing mass in the
left thyroid lobe, thyroid abscess is the first diagnosis. The
mass is very tender, but redness of the overlying skin may
be absent. Increased leukocytosis and sedimentation rate
are further clues to the diagnosis. Fine needle aspiration
has been used and allows identification of the germs caus-
ing the abscess (which are most often from the flora of
the oropharynx). The aspiration, coupled with antibiotic
treatment, may also contribute to curing the abscess (64).
However, a careful search for a fistula from the pyriform
sinus should be carried out. This is best achieved with the
use of barium swallow studies and/or laryngoscopy. If
such a fistula is found, definitive surgical treatment is re-
quired to prevent recurrent abscess formation.

C. Subacute Thyroiditis

In contrast to bacterial thyroiditis, subacute thyroiditis
(also known as de Quervain’s thyroiditis) occurs very
rarely in children. However, cases have been reported in
children as young as 2 years (65).

D. Thyroid Cancer

This entity is described in great detail in another section.
In infants, it is important to remember that medullary thy-
roid cancer can occur very early in life in the familial
syndrome of multiple endocrine neoplasia type IIB. In
such a family, we have observed a boy in whom we per-
formed thyroidectomy at 1.5 years of age because of high
plasma calcitonin concentrations, and in whom patholog-
ical examination revealed definite medullary thyroid can-
cer (66).

VIII. CONCLUSION

Thyroid disorders during infancy are as varied, if not more
so, than any other period of the lifespan. Their importance
is that, if not promptly recognized and treated, they can
lead to irreversible short- or long term sequelae, as ex-
emplified by congenital hyper- and hypothyroidism, re-
spectively. Hence all clinicians must always bear these
diagnoses in mind whenever suggestive clinical clues are
present.
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I. HISTORICAL BACKGROUND

For more than 2000 years, endemic goiter and cretinism
have been prevalent in iodine-deficient regions of the
world, as evidenced by Andean sculptures of goitrous
dwarfs dating from the 4th century BCE (1) and by de-
scriptions recorded in Europe during the 1st century BCE
(2, 3). Nonendemic cretinism, however, was not reported
until 1850 when Curling described two children who had
no detectable thyroid tissue at autopsy (4). In 1871, Fagge
used the term ‘‘sporadic cretinism’’ to describe four chil-
dren with cretinism, one being a 16-year-old girl with
classic symptoms and signs of hypothyroidism, absence
of thyromegaly, and ‘‘mental faculties unimpaired’’ (5). In
1878, W.M. Ord associated the term ‘‘myxoedema’’ with
his descriptions of the supraclavicular ’’fatty tumours‘‘
found in hypothyroid middle-aged women (6). The Com-
mittee of the Clinical Society of London was nominated
in 1883 to study hypothyroidism and presented its report
in 1888 describing lymphocytic infiltration and atrophy of
the thyroid gland (7) (Fig. 1). This first description of
chronic lymphocytic thyroiditis preceded Hashimoto’s
classic description of asymptomatic goiter (8) by 24 years.

During the last decade of the 19th century several
reports of successful treatment of hypothyroidism with
thyroid gland extracts were reported. These therapeutic
achievements were summarized in 1898 so elegantly by
Sir William Osler:

‘‘That we can to-day rescue children otherwise
doomed to helpless idiocy—that we can restore to
life the hopeless victims of myxoedema—is a tri-
umph of experimental medicine for which we are
indebted very largely to Victor Horsley and to his
pupil Murray. Transplantation of the gland was first

tried; then Murray used an extract subcutaneously.
Hector Mackenzie in London and Howitz in Copen-
hagen introduced the method of feeding. We now
know that the gland, taken either fresh, or as the
watery or glycerin extract, or dried and powdered,
is equally efficacious in a majority of all the cases
of myxoedema in infants or adults . . . The results,
as a rule, are most astounding—Unparalleled by an-
ything in the whole range of curative measures.
Within 6 weeks a poor, feeble-minded, toad-like
caricature of humanity may be restored to mental
and bodily health’’ (9).

Photographs depicting hypothyroid children before
and after the initiation of thyroid extract therapy began to
appear in textbooks soon thereafter (10) (Fig. 2).

During the 20th century our understanding of the bio-
chemical and physiological functions of the thyroid gland
expanded considerably. The discovery of the structures of
the iodothyronines, the need for adequate dietary intake
of iodine, and the identity of the types of familial goiter
and their causes have improved our ability to diagnose
and treat hypothyroidism more accurately. The pathogen-
esis of autoimmunity, which is the most common cause
of hypothyroidism in nonendemic goiter regions of the
world, has been elucidated with the pioneering serological
studies of Roitt and Doniach (11) and the experimental
studies of Rose and Witebsky (12). More recently, com-
petitive binding assays, thyroid epithelial cell culture sys-
tems, and advances in molecular biology have provided
improved methods to study thyroid hormone secretion and
action. They have also expanded our knowledge into the
causes and pathogenesis of autoimmunity, inborn errors
of thyroid hormone synthesis, regulation and metabolism,
and other causes of hypothyroidism.
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Figure 1 Lymphocytic infiltration of the thyroid gland of an adult with myxedema reported in 1888, or 24 years before the
description by Hashimoto. (From Refs. 7, 8).

II. CLASSIFICATION AND CAUSES

A. Classification

Normal thyroid hormone secretion depends on an intact
hypothalamic–pituitary–thyroid axis. In normals, thyro-
tropin-releasing hormone (TRH) modulates the release of
thyrotropin (TSH) from the pituitary gland. TSH then
binds to plasma membrane receptors on the thyrocyte and
stimulates a cascade of biochemical processes that result
in the production and release of primarily L-thyroxine (T4)
and, in smaller molar concentrations, 3, 3�, 5-L-triiodo-
thyronine (T3). An abnormality at any point within this
axis can lead to decreased thyroid hormone secretion and
result in hypothyroidism. By convention, hypothyroidism
is classified according to the anatomical location within
this axis where the abnormality occurs (13). For example,
hypothyroidism resulting from thyroid gland failure, such
as occurs with autoimmune destruction in Hashimoto’s
thyroiditis, is referred to as primary hypothyroidism. Like-
wise, secondary and tertiary hypothyroidism refer to hy-

pothyroidism resulting from disorders at the level of the
pituitary and hypothalamus, respectively. These diseases
also are referred to as pituitary and hypothalamic hypo-
thyroidism, and, in patients at all ages, they are much less
common than primary hypothyroidism.

Selective peripheral resistance to thyroid hormone is
a very rare cause of hypothyroidism (14). In this syn-
drome, the hypothalamic–pituitary–thyroid axis is nor-
mal, but nuclear thyroid hormone receptors in peripheral
tissues do not respond adequately to T3. Affected patients
have symptoms and signs of hypothyroidism from an
early age. Basal serum TSH, thyroid hormone levels, and
TSH responses to TRH are normal. Why the resistance to
thyroid hormone is present only in the peripheral tissues,
and not also in the pituitary, remains to be fully eluci-
dated.

B. Causes

Hypothyroidism during childhood and adolescence can re-
sult from a variety of congenital or acquired defects (Table
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Figure 2 An early example of the effects of thyroid hormone therapy in a 7-year-old girl with the onset of hypothyroidism
around age 3 years.

1). In economically advantaged countries, the majority of
children with congenital primary hypothyroidism will be
detected through neonatal thyroid screening programs.
Rarely, however, patients with hypothyroidism caused by
ectopic or hypoplastic thyroid glands, or with inborn er-
rors of thyroid hormone synthesis (Fig. 3), may not be
recognized until later in infancy or childhood. In general,
ectopic and hypoplastic glands occur sporadically,
whereas the inborn errors of hormone synthesis (thyroid
dyshormonogenesis) are inherited as autosomal recessive
disorders (15). Specific mutations have been identified in
the genes that regulate the synthesis of proteins (usually
enzymes) involved in the specific steps of hormono-
genesis (16).

Autoimmune chronic lymphocytic thyroiditis is the
most common cause of acquired primary hypothyroidism
in nonendemic goiter regions of the world. The disease
occurs most often during childhood or adolescence and
more frequently in girls than boys. However, it may pre-

sent during infancy (as early as 6–9 months of age) with
subtle symptoms and signs of hypothyroidism of short
duration (17). The disease also occurs with increased fre-
quency in patients with other autoimmune-mediated dis-
eases, especially insulin-dependent diabetes mellitus and
the polyglandular autoimmune syndromes and in Down,
Turner, and Klinefelter syndromes. In a recent study,
serum thyroid antibodies were found in 52% of girls with
Turner syndrome compared to 17% in age-matched nor-
mal girls (18). Thyroid autoimmune disease is most com-
monly associated with an X-isochromosome karyotype,
but is also common with a 45,X karyotype (19). This as-
sociation suggests that the loss of one or more genes,
known as haploinsufficiency, on the short arm of the X
or Y chromosome that normally are not inactivated play
an important role in the pathogenesis of autoimmune thy-
roid disease.

Other causes of primary hypothyroidism include ir-
radiation of the thyroid, surgical removal of thyroid tissue,
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Table 1 Causes of Juvenile Primary Hypothyroidism

Congenital hypothyroidism: mild, late-onset
Ectopic thyroid dysgenesis
Familial thyroid dyshormonogenesis
Peripheral resistance to thyroid hormone action

Acquired primary hypothyroidism
Chronic autoimmune thyroiditis

Lymphocytic thyroiditis of childhood and adolescence
with thyromegaly

Hashimoto’s thyroiditis with thyromegaly (struma
lymphomatosa)

Chronic fibrous variant
Drug-induced hypothyroidism
Endemic goiter

Iodine deficiency
Environmental goitrogens

Irradiation of the thyroid
Therapeutic radioiodine
External irradiation of nonthyroid tumors

Surgical excision
Nephropathic cystinosis
Subacute thyroiditis: transient phase

goitrogen ingestion, iodine deficiency, and nephropathic
cystinosis (Table 1). Transient primary hypothyroidism
may occur during the recovery phase from subacute and
toxic thyroiditis.

Secondary and tertiary hypothyroidism result from
deficiencies in TSH and TRH, respectively. Most children
with secondary or tertiary (also known as central) hypo-
thyroidism will have other pituitary or hypothalamic hor-
mone deficiencies, but an isolated deficiency of either
TSH or TRH secretion can occur as familial or sporadic
diseases (20), and mutations have been found in the genes
that control the synthesis of the TSH beta chain and the
TSH and TRH receptors (21). Malformation syndromes,
such as septo-optic dysplasia, or midline facial anomalies,
such as cleft lip or palate, can be associated with central
hypothyroidism. Trauma, neoplasms, infectious or inflam-
matory processes, irradiation, and surgery can damage the
hypothalamus or pituitary and cause TRH, TSH, and other
hormone deficiencies. These diseases are discussed in fur-
ther detail elsewhere. In very low birth weight (VLBW)
preterm infants less than 27 weeks of gestation, and in
critically ill infants and children, hypothalamic hypo-
thyroidism may occur as a progression of the nonthyroidal
illness state and inhibition by certain therapeutic
modalities.

III. PATHOPHYSIOLOGY

In primary hypothyroidism, abnormalities of the thyroid
gland or of thyroid gland function impair thyroid hormone
production and/or release. Early in the course of thyroid

gland failure, a slight decrease in the serum free T4 (FT4)
concentration occurs, but in most cases the level usually
remains within the normal range for age. A decrease in
FT4 leads to minor reductions in pituitary FT4 concentra-
tions and the intrapituitary conversion of T4 to T3 (22).
With a decrease in the pituitary free T3 (FT3) concentra-
tion, TSH production and release increase. The subsequent
increase in serum TSH that causes further stimulation of
the TSH receptor results in an increase in thyroid hormone
synthesis and release in an attempt to maintain normal
serum FT4 and FT3 levels. However, as thyroid gland fail-
ure progresses, increased TSH secretion no longer is able
to maintain normal thyroid hormone synthesis, and serum
FT4 and FT3 levels decrease to abnormal levels. Since
serum TSH rises before serum thyroid hormone levels de-
crease below the normal range, the measurement of serum
TSH is the most sensitive test for the early detection of
primary hypothyroidism.

Pituitary TSH synthesis and secretion are directly
controlled by serum levels of free or unbound T4 (FT4)
and FT3. This control occurs by negative feedback; that
is, rising serum levels of FT4 and FT3 inhibit, whereas
decreasing FT4 and FT3 levels enhance, TSH synthesis and
secretion. Through TRH and somatostatin secretion, the
hypothalamus modulates this negative feedback system,
and the so-called set point of the molar concentrations of
FT4/FT3 for TSH secretion is fine-tuned (23). TRH secre-
tion enhances and somatostatin inhibits TSH release.
Thus, patients with TRH deficiency have a decreased re-
lease of TSH causing a decrease in thyroid hormone pro-
duction. However, TRH deficiency is associated with in-
creased pituitary stores of TSH because low intrapituitary
FT4 and FT3 concentrations continue to stimulate TSH
synthesis. Therefore, TSH responses to TRH in experi-
mental animals and patients often are exaggerated and the
TSH rise is usually delayed, a pattern that is diagnostic
of hypothalamic TRH deficiency (see below) (24).

IV. CLINICAL PRESENTATION

Children with hypothyroidism may have a variety of clin-
ical presentations (Table 2) and often a family history of
thyroid or pituitary disease. Some children present with
an asymptomatic goiter, whereas others may present with
mild tenderness or a sensation of fullness in the anterior
neck. Other presenting symptoms are often nonspecific
and include weakness, lethargy, decreased appetite, cold
intolerance, constipation, and dry skin. Although children
with hypothyroidism may have mild obesity, hypothyroid-
ism generally does not cause morbid obesity. The course
of hypothyroidism is often so insidious that neither the
child nor his or her parents are aware of the physical
changes that have occurred. These children often experi-
ence marked growth retardation before the disease is rec-
ognized, and this expected effect on linear growth em-
phasizes the importance of serial growth measurements in



Hypothyroidism 363

Figure 3 Schematic representation of thyroid hormone synthesis and the sites of the most frequent abnormalities seen in
patients with familial dyshormonogenesis (15, 16). A. Impaired thyroid response to TSH. B. Iodide transport defect. C. Iodide
oxidation and tyrosyl iodination defects, including Pendred syndrome. D. Iodotyrosine coupling defect. E. Thyroglobulin
synthetic defects. F. Iodotyrosine deiodinase defect. Each defect is associated with thyromegaly, except A. An increase in [123]I-
iodide uptake occurs in each defect, except A and B. A rapid discharge of [123]I-iodide from the thyroid after oral perchlorate
occurs in the iodide oxidation and tyrosyl iodination defects.

all children. Whereas children who develop hypothyroid-
ism before age 2 years may suffer some irreversible cen-
tral nervous system damage and developmental delay, the
onset of hypothyroidism after age 2 years does not cause
mental retardation.

Infants with acquired autoimmune-mediated infantile
hypothyroidism present between 6 and 24 months of age
with symptoms and signs similar to those in infants with
congenital hypothyroidism (17). Deceleration of linear
growth is an important sign that is helpful in the early
recognition of this disease.

Most adolescents with untreated primary hypothy-
roidism will have delayed pubertal development, although

an occasional patient will present with precocious puberty.
Girls may have galactorrhea that usually is associated with
an elevated serum prolactin level; boys may have macro-
orchidism. The cause of precocious puberty in primary
hypothyroidism originally was postulated to occur as a
result of increased LH and FSH secretion through an over-
lap in the pituitary regulation of TSH secretion (25). Other
studies suggest that hyperprolactinemia, which presuma-
bly results from chronic TRH stimulation of the pituitary,
may play a role in this syndrome through an inhibition of
gonadal stimulation by luteinizing hormone (LH), but not
follicle-stimulating hormone (FSH), thereby resulting in
sustained stimulation of the gonad by FSH (26). More
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Table 2 Clinical Features Unique to
Juvenile Hypothyroidism

Growth retardation with delayed skeletal maturation
Delayed dental development and tooth eruption
Onset of puberty usually delayed; rarely precocious
Galactorrhea: elevated prolactin
Increased skin pigmentation
Sellar enlargement
Pseudotumor cerebri
Myopathy and muscular hypertrophy

recently, studies involving the use of mammalian cells
transfected with the cDNA of either the LH/chorionic go-
nadotropin (CG) receptor or the FSH receptor have shown
that TSH can bind to and activate both the LH and FSH
receptors (27, 28). Based on these studies, elevated TSH
levels associated with severe primary hypothyroidism may
result in stimulation of both LH and FSH receptors and
contribute to the development of precocious puberty (27,
28). The adolescent girl who acquires hypothyroidism af-
ter menarche often experiences excessive and irregular
menstrual bleeding.

The child with severe primary hypothyroidism may
develop enlargement of the sella turcica. When this is
identified by skull x-rays, computed tomographic (CT)
scan, or magnetic resonance image (MRI) of the head, the
child may be referred to a neurosurgeon or an endocri-
nologist for evaluation of suspected pituitary tumor. This
pituitary mass represents hypertrophy and hyperplasia of
thyrotrophs in response to the lack of negative feedback
by thyroid hormones (29). Therefore, these patients with
primary hypothyroidism usually have markedly elevated
serum TSH levels and low serum levels of thyroid hor-
mones; patients with hypothalamic and pituitary hypothy-
roidism usually have normal or very mildly elevated se-
rum TSH levels (30) and low serum FT4 values. Pituitary
enlargement usually resolves with adequate thyroid hor-
mone replacement therapy. Primary hypothyroidism with
enlargement of the sella and pituitary gland was reported
in a boy in whom an empty sella and hypopituitarism
occurred after thyroid hormone replacement (31). Visual
field defects also may be detected in these patients (32).

Children with hypothalamic and pituitary hypothy-
roidism can present with the same nonspecific symptoms
found in primary hypothyroidism, as well as with symp-
toms suggestive of other hormone deficiencies. Patients
with organic defects also may present with symptoms of
increased intracranial pressure, such as headaches, morn-
ing vomiting, and decreased visual acuity.

Features of hypothyroidism on physical examination
include bradycardia, decreased pulse pressure, short stat-
ure with an increased upper-to-lower body ratio, delayed

dentition, mild obesity, facial puffiness and dull facial ex-
pression, coarse hair, cool and dry carotenemic skin, and
delayed relaxation of deep tendon reflexes. The majority
of patients with primary hypothyroidism will have thy-
romegaly, but some patients with autoimmune thyroiditis
and ectopic or hypoplastic glands will not have detectable
thyroid enlargement. Thyromegaly is not associated with
hypothalamic and pituitary hypothyroidism. These chil-
dren may have an abnormal optic fundus examination
(i.e., papilledema), and visual field defects may be found.

V. DIAGNOSTIC EVALUATION

Patients with nongoitrous, acquired primary hypothyroid-
ism require very few diagnostic tests prior to therapy. Se-
rum determinations of TSH, FT4 and thyroid antibodies,
thyroperoxidase antibodies (TPOAb), and thyroglobulin
antibodies (TGAb), should be obtained. The presence of
thyroid antibodies permits a presumptive diagnosis of au-
toimmune thyroiditis. Some patients with autoimmune
thyroiditis have negative thyroid antibodies on initial eval-
uation, but, on repeat determinations 3–6 months later,
have elevated thyroid antibody titers (11, 33). Thyroid an-
tibodies may be positive in other forms of thyroiditis (34),
although the levels tend to be lower and not as persistently
elevated as in patients with autoimmune thyroiditis. Sim-
ilar thyroid function tests should be performed in patients
with goitrous hypothyroidism since the most common
cause is autoimmune thyroiditis. However, if thyroid an-
tibodies are negative on repeated determinations in a child
with persistent thyromegaly, these additional tests may be
useful to determine the cause of hypothyroidism:

1. Radioiodide uptake test with perchlorate dis-
charge at 2–4 h after dose, salivary-to-plasma ra-
tio of radioiodide 2 h after the dose, and serum
thyroglobulin (to identify inborn errors of thyroid
hormone synthesis)

2. Urinary iodine excretion (to identify iodine de-
ficiency)

3. Fine-needle aspiration (FNA) biopsy of the thy-
roid nodule(s) or tissue, if progressive asympto-
matic enlargement of the thyroid occurs despite
treatment with full replacement or suppressive
dosages of L-thyroxine (to identify rare malig-
nant infiltrative diseases).

In addition to serum thyroid function tests, a TRH
test often is indicated for patients with suspected hypo-
thalamic or pituitary hypothyroidism. In children with hy-
pothalamic hypothyroidism the peak serum TSH response
to TRH often is delayed beyond 30 min, and the TSH
response may be prolonged with serum TSH values that
remain elevated for 2–3 h. The TSH response to TRH is
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low or absent in patients with pituitary thyrotroph defi-
ciency (24, 35).

The nonthyroidal illness (NTI) syndrome refers to the
various alterations in thyroid function often seen in pre-
term and VLBW infants, as well as in older children in
association with a variety of conditions such as acute or
chronic illnesses, surgery, trauma, malnutrition, and star-
vation. The magnitude of change in thyroid function tends
to correlate directly with the severity of systemic illness
or tissue injury. Although there are exceptions, the typical
pattern of serum thyroid function tests that allows the di-
agnosis of this syndrome includes low total and free T3,
low to normal T4, normal to high 3,3�,5�-L-triiodothyro-
nine [known as reverse T3 (rT3)], increased T3 resin up-
take, and normal TSH (36). The serum FT4 is usually
normal and often in the high–normal range. Low serum
FT4 values have been reported, especially in the most se-
verely ill patients (37). The direct dialysis method to mea-
sure FT4 in serum is the most accurate determination and
rarely is associated with false-positive or false-negative
results (38). However, heparin use in infants and children,
such as occurs with heparin-supplemented total parenteral
nutrition, can cause spurious elevations in FT4 levels mea-
sured by direct dialysis methods (39).

Various factors contribute to the changes in thyroid
hormone economy that occur in patients with this syn-
drome. In the normal state, peripheral tissue conversion
of T4 to T3 is the major source of circulating T3, and con-
version occurs through monodeiodination via the 5�-
deiodinase pathway. This pathway also converts rT3 to T2.
In the NTI syndrome, 5�-deiodinase activity is decreased
in peripheral tissues, causing a decreased production of T3

and decreased clearance of rT3. Therefore, decreased 5�-
deiodinase activity accounts for the low serum T3 and el-
evated serum rT3 levels in these patients. The increased
T3 resin uptake indicates a reduction in available serum
thyroid hormone binding sites. The concentrations of thy-
roxin-binding globulin (TBG) and transthyretin (TTR),
and the binding capacity of TBG, are decreased. These
changes are largely responsible for the reduction in avail-
able binding sites. Nondialyzable substances, shown to be
specific lipoproteins, inhibit thyroid hormone binding to
TBG and TTR, and are detectable in serum during severe
illness (40). Decreased T4 binding to serum proteins leads
to an increased percentage of FT4 in serum and accounts
for normal FT4 levels even when TT4 levels are low. The
factors responsible for low TT4 levels are less well un-
derstood. Although decreased serum binding of T4 and
inhibitors of binding to serum proteins may contribute,
accelerated disposal of T4 and decreased TSH secretion
are factors that contribute to the low T4 levels. Accelerated
disposal of T4 occurs through the 5-deiodinase pathway,
which converts T4 to rT3, and through nondeiodinative
pathways (36). Inhibition of TSH release occurs when
patients become severely ill. Abnormal hypothalamic–pi-
tuitary function during severe illness results in hypo-

thalamic hypothyroidism that is evident when FT4 levels
become low (41).

Thyroid function tests are often obtained in severely
ill infants and children who are evaluated for such clinical
findings as hypothermia, weakness, lethargy, and growth
failure. Not only can the underlying illness or injury pro-
duce alterations in thyroid function, but the severely ill
child may also be receiving medications such as dopa-
mine, glucocorticoids, and phenytoin that can alter thyroid
hormone economy (36). Cytokines also may interfere with
TSH synthesis and release.

Whereas the ill child with low serum T3 but normal
serum TT4 and FT4 levels usually does not pose a diag-
nostic problem, the question of hypothyroidism frequently
arises in the ill child with low serum levels of T3 and T4.
In this situation a normal serum FT4 level is used as ev-
idence against central hypothyroidism, especially when
measured by direct dialysis methods (38). In the child
with a low serum T4, an elevated rT3, and normal TSH,
the diagnosis of the NTI syndrome is very likely, and is
differentiated from hypothyroidism by normal FT4 and
TSH levels. An elevated serum TSH level in a severely
ill patient usually indicates primary hypothyroidism, es-
pecially when FT4 levels by direct dialysis are low (36,
37). However, modest elevations of TSH may occur dur-
ing recovery from illness (36), and serial TSH measure-
ments may be required to establish the correct diagnosis
(37, 41).

Children with hypothalamic or pituitary hypothyroid-
ism generally have normal TSH and low serum FT4 and
rT3 levels. These children may develop severe systemic
illness, and it may be difficult to differentiate them from
severely ill patients with the NTI syndrome. The history
and physical examination may help to differentiate be-
tween the two disorders, but a more extensive evaluation
including a MRI study of the hypothalamic–pituitary re-
gion and pituitary function testing may be necessary. The
TSH response to TRH in the NTI syndrome can be nor-
mal, delayed, or blunted, and may not be useful in dif-
ferentiating the NTI syndrome from hypothalamic or pi-
tuitary hypothyroidism (36, 37). Determination of rT3 is
not always helpful because the level may be normal in
sick hypothyroid children (36, 37).

Thyroid hormone replacement is not recommended in
the treatment of the NTI syndrome unless the FT4, pref-
erably measured by direct dialysis, is low, and especially
when the serum TSH is elevated. Management should be
directed towards supportive or specific treatment of the
underlying illness. To date, studies that have evaluated the
effects of T4 or T3 replacement in patients with this syn-
drome have not demonstrated increased survival with re-
placement therapy (42–44). However, controversy still
exists as to whether the NTI syndrome represents an adap-
tive and beneficial response to severe illness or whether,
in its most advanced stage, it represents a functional type
of secondary hypothyroidism as a result of a prolonged,
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Table 3 Guidelines for Maintenance Sodium L-Thyroxine Therapy

Age
Daily dosage

(�g/kg)
Daily dosage range

(�g/day)
Weight range

(kg)

<6 monthsa 6–10 25–50 3–9
6–12 months 5–8 37.5–75 6–12
1–5 years 4–6 50–100 9–23
5–12 years 3–5 50–125 15–55
12–18 years 2–3 75–175 30–90
Adult 1–2 100–200 50–100

The dosage of L-thyroxine must be determined for each patient, since the rate of ab-
sorption and metabolism will vary among patients of the same body weight. These
dosages approximate 100 �g/m2/day. In general, patients with hypothalamic hypothy-
roidism seem to require a lower dosage per kg than patients with primary hypothy-
roidism.
L-thyroxine usually is usually manufactured in 25, 50, 75, 88, 100, 112, 125, 137, 150,
175, and 200 �g tablets. Tablets should be given at least 30–60 min before a meal.
a The dosage of L-thyroxine in the initial treatment of newborn infants with congenital
hypothyroidism is 10–15 �g/kg once daily for the initial 1–2 weeks. The appropriate
maintenance dosage is determined by the results of serial measurements of serum TSH
and FT4, and, on rare occasions when the results of the two tests do not agree, serum
T3 should be measured.

severe illness that responds to thyroxine replacement ther-
apy (36, 44).

VI. CLINICAL COURSE AND
MANAGEMENT

A. Primary Hypothyroidism

L-thyroxine is the safest and most efficacious thyroid
medication for treatment of hypothyroidism in children
and adolescents (35, 37, 45, 46). Other thyroid prepara-
tions, such as thyroid extract, desiccated thyroid, and T4–
T3 combination drugs, offer no advantage over L-thyrox-
ine and may have some disadvantages when therapy is
monitored by thyroid function tests. Recent claims that T3

therapy is clinically efficacious in the treatment of an en-
tity described on a web site as Wilson’s syndrome, caused
by a reduced T4 to T3 conversion disorder, cannot be sub-
stantiated by studies reported in the literature. In these
patients, any perceived benefits of T3 replacement likely
result from mild hyperthyroidism induced by the T3 ther-
apy. Approximately 20% of patients who are prescribed
L-thyroxine after total thyroidectomy for thyroid cancer
report symptoms of hypothyroidism despite normal results
of thyroid function tests. These symptoms improve with
higher dosages of L-thyroxine and mildly elevated T4 val-
ues and suppressed TSH; it is yet to be determined if
instances of reduced T4 to T3 conversion occur in these
patients. Generic preparations of L-thyroxine should be
prescribed cautiously as some may have variable poten-
cies and, therefore, may provide inconsistent replacement
therapy (46). The importance of prescribing reliable L-

thyroxine preparations for treatment of hypothyroidism is
essential for restoration of the euthyroid state. L-thyroxine
is prescribed orally as a single daily dose and should be
taken at least 30 min before food intake to maximize ab-
sorption. The estimated dosage for children and adoles-
cents is based on age and body weight (Table 3).

To minimize central nervous system damage, children
who are less than 2 years of age require prompt treatment
with L-thyroxine in full replacement dosages. Rapid
achievement of euthyroidism is not as essential in the
older child and adolescent; in fact, children with chronic
or severe hypothyroidism often experience undesirable
side effects, such as irritability, restlessness, decreased at-
tention span, and restless sleep or insomnia when L-thy-
roxine is prescribed in full replacement dosages at diag-
nosis. For these children it is preferable to restore
euthyroidism gradually by initiating treatment with 25 �g
daily for 2 weeks, and thereafter increasing the dose by
25 �g daily every 2–4 weeks until the desired dosage is
achieved. This regimen is not necessary for children with
mild hypothyroidism, or those with clinical symptoms of
short duration. On initiation of therapy in older children
and adolescents, it is important, however, to avoid exces-
sive replacement and prudent to begin with the lower dos-
age per kilogram body weight for age.

In patients with compensated, or subclinical, hypo-
thyroidism, defined as an elevated serum TSH level (47),
but normal concentrations of TT4 and FT4, it is worthwhile
to confirm that the process is persistent by repeating the
serum TSH evaluation before initiating long-term therapy.
This is especially important in patients with negative thy-
roid antibodies and no apparent cause for the elevated
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TSH value. Some children have persistent hyperthyrotro-
pinemia of unknown cause without symptoms or signs of
hypothyroidism. Thyroxine therapy is indicated in patients
with compensated hypothyroidism in whom there is a
known cause for hypothyroidism, or serial TSH measure-
ments steadily increase, especially if FT4 concentrations
steadily decline (48).

Subclinical hypothyroidism is commonly observed in
patients with Down syndrome (49). Recent studies have
shown that elevated TSH levels in some patients with
Down syndrome are associated with zinc and selenium
deficiencies (50, 51); elevated TSH levels in Down syn-
drome patients with zinc deficiency can normalize follow-
ing adequate zinc replacement (50). However, patients
with Down syndrome have an increased risk of autoim-
mune thyroiditis compared to the general population.
Therefore, the measurement of thyroid antibodies is im-
portant in Down syndrome patients with subclinical hy-
pothyroidism. A recent study revealed that Down syn-
drome patients with subclinical hypothyroidism and
positive thyroid antibody levels are at increased risk of
clinically overt thyroid disease compared to Down syn-
drome patients with subclinical hypothyroidism but neg-
ative thyroid antibody levels (49).

Serum thyroid function tests should be monitored at
regular intervals to determine adequacy of therapy, any-
time symptoms of hypothyroidism or hyperthyroidism oc-
cur, and 6–8 weeks after a dosage change. In young chil-
dren, thyroid function should be monitored every 2–4
months, whereas in older children and adolescents thyroid
function can be monitored every 6–12 months to deter-
mine adequacy of therapy. Serum TSH is the most useful
test to monitor primary hypothyroidism, and levels should
be maintained between 0.1 and 5 mU/l using sensitive
TSH methods that can accurately differentiate normal and
suppressed levels; the TSH assay should have a sensitivity
of 0.05 mU/l or lower. Serum FT4 levels are usually ade-
quate to determine whether the patient is receiving exces-
sive L-thyroxine therapy; however, for some children,
particularly those with congenital hypothyroidism, mea-
surement of serum T3 and, rarely, rT3 levels may help to
determine if the L-thyroxine dose is excessive.

Generally, the child with primary nongoitrous hypo-
thyroidism who has had elevated serum TSH levels (>20
mU/l) on at least two separate occasions and requires an
increase in his/her L-thyroxine replacement does not have
transient hypothyroidism that will recover spontaneously.
Therefore, this child should be treated with L-thyroxine
indefinitely. On the other hand, reports indicate that ap-
proximately 20% of patients with autoimmune goitrous
hypothyroidism may revert to the euthyroid state (52, 53).
These children may be given a 2–3 month trial off L-
thyroxine treatment if the thyroid size and consistency be-
come normal during treatment. The serum TSH level
should be determined at the end of this trial, or sooner if
symptoms of hypothyroidism develop. If the serum TSH

level is normal, the child should be monitored every 3
months for a year and then annually thereafter if thyroid
antibody titers remain abnormal. If the TSH level becomes
abnormal, L-thyroxine therapy should be resumed indef-
initely.

Serum TSH should be monitored in children receiv-
ing lithium carbonate or similar drugs that block thyroid
function (54). If these children also have autoimmune thy-
roiditis, they very likely will develop primary hypothy-
roidism during lithium treatment (55). Patients should not
take iron-containing (56) or calcium-containing (57) med-
ications at the same time as thyroxine tablets. These and
other medications, like certain soy-based infant formulas
and high-fiber diets, very effectively block the absorption
of thyroxine from the intestine (58). Other drugs, such as
phenobarbital, phenytoin, carbamazepine, and rifampin,
induce accelerated hepatic metabolism of L-thyroxine and
can increase dosage requirements in hypothyroid patients
(59).

Some adolescent girls and young women with hy-
pothyroidism receiving estrogen replacement therapy have
an increase requirement for thyroxine and need to increase
their dosages of thyroxine if serum TSH becomes elevated
(60). During pregnancy, women with hypothyroidism re-
quire an average of 45% more thyroxine to maintain se-
rum TSH values in the normal range (60) as a result of
an increase in thyroxine-binding globulin levels (61). Es-
trogen stimulates glycosylation of TBG and this reduces
the metabolic clearance of thyroxine (61). Maintenance of
euthyroidism in the mother during early pregnancy is nec-
essary to protect the fetus from the adverse effects of ma-
ternal hypothyroxinemia on fetal thyroxine levels that are
necessary for normal central nervous system maturation
(61, 62).

Prepubertal children with severe hypothyroidism and
short stature usually experience a period of catch-up
growth after initiation of L-thyroxine replacement therapy,
but, despite adequate treatment, some have incomplete
catch-up and never reach their full genetic growth poten-
tial (63). The mechanisms responsible for this incomplete
catch-up growth have not been clearly defined, but delay
in treatment of hypothyroidism may be a critical factor
(63).

B. Disorders of Thyrotropin Secretion

Hypothyroidism, either hypothalamic or pituitary, may be
present at the time of an initial diagnosis of hypopituita-
rism, or hypothyroidism may occur at a later time during
growth hormone replacement therapy. To avoid any con-
fusion in the differential diagnosis between hypothalamic
or pituitary hypothyroidism and the NTI syndrome that
occurs during severe illnesses or severe caloric/carbohy-
drate deprivation states, serum FT4 and, if possible, rT3

levels should be measured. The FT4 and rT3 levels are low
in hypothyroidism whereas the FT4 is usually normal (37)
and the rT3 is normal or elevated (36) in the NTI syn-
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drome. These measurements may be extremely helpful in
patients with CNS tumors who are in a catabolic state
following surgery. In general, patients with the NTI syn-
drome do not require L-thyroxine replacement, whereas
patients with hypothyroidism do. As previously men-
tioned, results of TRH tests may differentiate between hy-
pothalamic and pituitary hypothyroidism (35).

Children with hypothalamic or pituitary hypothyroid-
ism usually require lower dosages of L-thyroxine than
children with congenital and acquired primary hypothy-
roidism. Serum levels of FT4 should be monitored during
L-thyroxine therapy. It is unnecessary to monitor TSH
levels, however, since patients with hypothalamic or pi-
tuitary hypothyroidism will have normal or low TSH val-
ues on thyroxine therapy. Once the dosage has been es-
tablished and the patient is clinically and biochemically
euthyroid, further serum thyroid function tests only need
to be obtained annually to ensure compliance and reli-
ability of the medication.

Although children with hypothalamic or pituitary hy-
pothyroidism and short stature may exhibit a period of
catch-up growth after initiation of L-thyroxine therapy,
their course is often complicated by deficiencies of growth
hormone, gonadotropins, and sex hormones, and many
fail to reach their full genetic height potential. Further
discussion of the treatment of hypopituitarism may be
found in Chapter 3. Because L-thyroxine therapy in-
creases the metabolic clearance rate of cortisol, patients
with deficiencies of hypothalamic–pituitary–adrenal and
thyroid function should begin cortisol replacement with
initiation of L-thyroxine replacement to avoid the precip-
itation of hypocortisolism and an adrenal crisis.
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derung der Schilddrüse (struma lymphomatosa). Arch Klin
Chir 1912;97:219.

9. Osler W. The Principles and Practice of Medicine, 3rd Ed.
D. Appleton and Co, 1898:843.

10. Sajous CE de M. The Internal Secretions and the Principles
of Medicine, 8th Ed. London: F. A. Davis, 1919:198–201.

11. Roitt IM, Doniach D, Campbell RN, Hudson RV. Auto-
antibodies in Hashimoto’s disease. Lancet 1956;2:820.

12. Rose NR, Witebsky E. Studies on organ-specificity. V.
Changes in the thyroid glands of rabbits following active
immunization with rabbit thyroid extract. J Immunol 1956;
76:417.

13. Braverman LE, Utiger RD. Introduction to hypothyroid-
ism. In: Braverman LE, Utiger RD, eds. Werner and Ing-
bar’s The Thyroid, 8th ed. Philadelphia: Lippincott Wil-
liams & Wilkins, 2000:719–720.

14. Kaplan MM, Swartz SL, Larsen PR. Partial peripheral re-
sistance to thyroid hormone. Am J Med 1981;70:1115.

15. Refetoff S, Dumont JE, Vassart G. Thyroid disorders. In:
Scriver CR, Beaudet AL, Sly WS, Valle D, eds. The Met-
abolic and Molecular Bases of Inherited Disease, 8th ed.
New York: McGraw-Hill, 2001:4029–4075.

16. Medeiros-Neto GA, Billerbeck AEC, Wajchenberg BL,
Targovnik HM. Defective organification of iodide causing
hereditary goitrous hypothyroidism. Thyroid 1993;3:143.

17. Foley TP Jr, Abbassi V, Copeland KC, Draznin MB. Ac-
quired autoimmune mediated infantile hypothyroidism: a
pathologic entity distinct from congenital hypothyroidism.
N Engl J Med 1994;330:466.

18. Ivarrson SA, Ericsson UB, Nilsson KO, et al. Thyroid au-
toantibodies, Turner’s syndrome and growth hormone ther-
apy. Acta Pediatr 1995;84:63.

19. Elsheikh M, Wass JAH, Conway GS. Autoimmune thyroid
syndrome in women with Turner’s syndrome—the asso-
ciation with karyotype. Clin Endocrinol 2001;55:223.

20. Foley TP Jr. Congenital hypopituitarism. In: Dussault JH,
Walker P, eds. Congenital Hypothyroidism. New York:
Marcel Dekker, 1983:331–348.

21. Tatsumi K-I, Miyai K, Tsugunori N, et al. Cretinism with
combined hormone deficiency caused by a mutation in the
PIT1 gene. Nat Genet 1992;1:56.

22. Larsen PR. Thyroid–pituitary interaction. N Engl J Med
1982;306:23.

23. Scanlon MF, Toft AD. Regulation of thyrotropin secretion.
In: Braverman LE, Utiger RD, eds. Werner and Ingbar’s
The Thyroid, 8th ed. Philadelphia: Lippincott Williams &
Wilkins, 2000:234–253.

24. Foley TP Jr, Owings J, Hayford JR, Blizzard RM. Serum
thyrotropin (TSH) responses to synthetic thyrotropin re-
leasing hormone (TRH) in normal children and hypopitu-
itary patients: a new test to distinguish primary pituitary
hormone deficiency. J Clin Invest 1972;51:431.

25. Van Wyk JJ, Grumbach MM. Syndrome of precocious
menstruation and galactorrhea in juvenile hypothyroidism:
an example of hormonal overlap in pituitary feedback. J
Pediatr 1960;59:416.

26. Castro-Magana M, Angulo M, Canas A, et al. Hypotha-
lamic-pituitary-gonadal axis in boys with primary hypo-
thyroidism and macroorchidism. J Pediatr 1988;112:397.

27. Hidaka A, Minegishi T, Kohn LD. Thyrotropin, like lu-
teinizing hormone (LH) and chorionic gonadotropin (CG)
increases cAMP and inositol phosphate levels in cells with
recombinant human LH/CG receptor. Biochem Biophys
Res Commun 1993;196:187.

28. Anasti JN, Flack MR, Froehlich J, et al. A potential novel
mechanism for precocious puberty in juvenile hypothy-
roidism. J Clin Endocrinol Metab 1995;80:2543.



Hypothyroidism 369

29. Yamada T, Tsukaii T, Ikejiri K, et al. Volume of sella tur-
cica in normal subjects and in patients with primary hy-
pothyroidism and hyperthyroidism. J Clin Endocrinol Me-
tab 1976;42:817.

30. Illig R, Krawczy’nska H, Torresani T, Prader, A. Elevated
plasma TSH and hypothyroidism in children with hypo-
thalamic hypopituitarism. J Clin Endocrinol Metab 1975;
41:722.

31. LaFranchi SH, Hanna CE, Krainz PL. Primary hypothy-
roidism, empty sella, and hypothyroidism. J Pediatr 1986;
108:571.

32. Yamamoto K, Saito K, Takai T, et al. Visual field defects
and pituitary enlargement in primary hypothyroidism. J
Clin Endocrinol Metab 1983;57:283.

33. Foley TP Jr. Acute, subacute, and chronic thyroiditis. In:
Kaplan SA, ed. Clinical Pediatric and Adolescent Endo-
crinology. Philadelphia: WB Saunders, 1982:96–109.

34. Emerson CH, Farwell AP. Sporadic silent thyroiditis, post-
partum thyroiditis, and subacute thyroiditis. In: Braverman
LE, Utiger RD, eds. Werner and Ingbar’s The Thyroid, 8th
ed. Philadelphia: Lippincott Williams & Wilkins, 2000:
578–589.

35. Foley TP Jr. Acquired hypothyroidism during infancy,
childhood, and adolescence. In: Braverman LE, Utiger RD,
eds. Werner and Ingbar’s The Thyroid, 8th ed. Philadel-
phia: Lippincott Williams & Wilkins, 2000:983–988.

36. Fisher DA. Euthyroid low thyroxine (T4) and triiodothy-
ronine states in prematures and sick neonates. Pediatr Clin
North Am 1990;37:1297.

37. Foley TP Jr, Malvaux P, Blizzard RM. Thyroid Disease.
In: Kappy MS, Blizzard RM, Migeon CJ, eds. Wilkins The
Diagnosis and Treatment of Endocrine Disorders in Child-
hood and Adolescence, 4th ed. Springfield: Charles C Tho-
mas, 1994:513–515.

38. Nelson JC, Wilcox RB, Pandian MR. Dependence of free
thyroxine estimates obtained with equilibrium tracer dial-
ysis on the concentration of thyroxine-binding globulin.
Clin Chem 1992;38:1294.

39. Dallas JS, Dallas DV, Frost PH, et al. Measurement of free
T4 levels in preterm infants receiving heparin-supple-
mented parenteral nutrition: comparison between equilib-
rium dialysis and a two-step RIA method. Program and
Abstracts, 73rd Annual Meeting of the American Thyroid
Association, Washington, D.C., 2001:167.

40. Oppenheimer JH, Schwartz HL, Mariash CN, Kaiser FE.
Evidence for a factor in the sera of patients with nonthy-
roidal disease which inhibits iodothyronine binding by
solid matrices, serum proteins, and rat hepatocytes. J Clin
Endocrinol Metab 1982;54:757.

41. Wehmann RE, Gregerman RI, Burns WH, et al. Suppres-
sion of thyrotropin in the low-thyroxine state of severe
nonthyroidal illness. N Engl J Med 1985;312:546.

42. Becker RA, Vaughan GM, Ziegler MG, et al. Hypermeta-
bolic low triiodothyronine syndrome of burn injury. Crit
Care Med 1982;10:870.

43. Rapaport R, Rose SR, Freemark M. Hypothyroxinemia in
the preterm infant: the benefits and risks of thyroxine treat-
ment. J Pediatr 2001;139:182.

44. Wiersinga WM. Nonthyroidal illness. In: Braverman LE,
Utiger RD, eds. Werner and Ingbar’s The Thyroid, 8th ed.
Philadelphia: Lippincott Williams & Wilkins, 2000:281–
295.

45. Foley TP Jr. Pediatric thyroid disorders. In: Cooper DS,
ed. Medical Management of Thyroid Disease. New York:
Marcel Dekker, 2001:313–344.

46. Rees-Jones RW, Rolla AR, Larsen PR. Hormone content
of thyroid replacement preparations. JAMA 1980;243:549.

47. Cooper DS. Subclinical hypothyroidism. N Engl J Med
2001;345:260.

48. LaFranchi S. Thyroiditis and acquired hypothyroidism. Pe-
diatr Ann 1992;21:29.

49. Rubello D, Pozzan GB, Casara D, et al. Natural course of
subclinical hypothyroidism in Down’s syndrome: prospec-
tive study results and therapeutic considerations. J Endo-
crinol Invest 1995;18:35.

50. Bucci I, Napolitano G, Giuliani C, et al. Zinc sulfate sup-
plementation improves thyroid function in hypozincemic
Down children. Biol Trace Elem Res 1999;73:93.

51. Kanavin OJ, Aaseth J, Birketvedt GS. Thyroid hypofunc-
tion in Down’s syndrome: is it related to oxidative stress?
Biol Trace Elem Res 2000;78:35.

52. Sklar CA, Qazi R, David R. Juvenile autoimmune thyroid-
itis: hormonal status at presentation and after long-term
follow-up. Am J Dis Child 1986;140:877.

53. Maenpaa J, Raatikka M, Rasanen J, et al. Natural course
of juvenile autoimmune thyroiditis. J Pediatr 1985;107:
898.

54. Levy RP, Jensen JB, Laus VG, et al. Serum thyroid hor-
mone abnormalities in psychiatric disease. Metabolism
1981;38:1060.

55. Bocchetta A, Bernardi F, Burrai C, et al. The course of
thyroid abnormalities during lithium treatment: a two-year
follow-up study. Acta Psychiatr Scand 1992;86:38.

56. Shakir KMM, Chute JP, Aprill BS, Lazarus AA. Ferrous
sulfate-induced increase in requirement for thyroxine in a
patient with primary hypothyroidism. South Med J 1997;
90:637.

57. Singh N, Weisler SL, Hershman JM. The acute effect of
calcium carbonate on the intestinal absorption of levothy-
roxine. Thyroid 2001;11:967.

58. Chiu AC, Sherman SI. Effects of pharmacological fiber
supplements on levothyroxine absorption. Thyroid 1998;8:
667.

59. Surks MI, Sievert R. Drugs and thyroid function. N Engl
J Med 1995;333:1688.

60. Arafah BM. Increased need for thyroxine in women with
hypothyroidism during estrogen therapy. N Engl J Med
2001;344:1743.

61. Utiger RD. Estrogen, thyroxine binding in serum, and thy-
roxine therapy. N Engl J Med 2001;344:1784.

62. Smallridge RC, Ladenson PW. Hypothyroidism in preg-
nancy: consequences to neonatal health. J Clin Endocrinol
Metab 2001;86:2349.

63. Rivkees SA, Bode HH, Crawford JD. Long-term growth
in juvenile acquired hypothyroidism: the failure to achieve
normal adult stature. N Engl J Med 1988;318:599.





371

16
Hyperthyroidism
John S. Dallas
University of Texas Medical Branch–Galveston, Galveston, Texas, U.S.A.

Thomas P. Foley, Jr.
University of Pittsburgh and Children’s Hospital of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A.

I. PATHOGENESIS AND ETIOLOGY

Thyrotoxicosis is an uncommon disorder of childhood
characterized by accelerated metabolism of body tissues
resulting from excessive levels of unbound circulating
thyroid hormones. Graves’ disease accounts for at least
95% of cases in children (1). Other causes are rare and
are listed in Table 1.

Mechanisms that can produce thyrotoxicosis include
thyroid follicular cell hyperfunction with increased syn-
thesis and secretion of T4 and T3, thyroid follicular cell
destruction with release of preformed T4 and T3, and in-
gestion or administration of thyroid hormone or iodide
preparations.

Hyperfunction of thyroid follicular cells can either be
autonomous or mediated through stimulation of thyrotro-
pin receptors by substances such as thyrotropin (TSH) or
thyrotropin receptor antibodies (TSHrAb). Autonomous
hyperfunction of thyroid follicular cells is rarely seen dur-
ing childhood and is represented by toxic adenoma, fa-
milial nonautoimmune hyperthyroidism, hyperfunctioning
thyroid carcinoma, and the hyperthyroidism of the Mc-
Cune-Albright syndrome.

Stimulation of thyrotropin receptors by TSHrAb pro-
duces the diffuse toxic goiter of Graves’ disease and ac-
counts for the majority of childhood thyrotoxicosis. In
rare cases, increased TSH secretion resulting either from
a TSH-producing pituitary adenoma or from pituitary re-
sistance to thyroid hormone can produce thyrotoxicosis.
Another glycoprotein hormone, human chorionic gonad-
otropin (hCG), also binds to the TSH receptor and stim-
ulates thyroid cell function (2, 3). The thyrotropic potency
of hCG is much less than that of TSH, but extremely high
serum levels of hCG, such as those seen in individuals
with hydatidiform moles or other trophoblastic tumors,

can lead to hyperthyroidism (4, 5). Although extremely
rare, the possibility of a molar pregnancy should be con-
sidered in adolescent girls with thyrotoxicosis.

Inflammation of thyroid follicular cells can be asso-
ciated with viral or autoimmune processes, and extensive
destruction can release large amounts of preformed T4 and
T3 into the circulation. The resultant thyrotoxicosis tends
to be mild and transient, usually only lasting a few weeks
to a few months. Examples include the toxic thyroiditis
of Hashimoto’s disease and subacute thyroiditis.

Acute or chronic ingestion of thyroid hormone prep-
arations such as L-thyroxine or desiccated thyroid can
produce excessive levels of circulating thyroid hormones.
Ingestion may be surreptitious, iatrogenic, or accidental.
Ingestion or parenteral administration of iodides may also
result in thyrotoxicosis. This phenomenon, known as jod-
basedow, most frequently occurs in iodine-deficient areas
when supplemental iodides are added to the diet. Iodine-
induced hyperthyroidism generally occurs in thyroid
glands that are functioning independently of TSH stimu-
lation (6, 7). However, iodine-induced hyperthyroidism
has also been described both in adults (6, 7) and in a
neonate (8) with apparently normal thyroid glands who
were exposed to high concentrations of iodine over pro-
longed periods.

II. GRAVES’ DISEASE

A. Introduction

Graves’ disease is an immunogenetic disorder character-
ized clinically by thyromegaly, hyperthyroidism, and in-
filtrative ophthalmopathy. A family history of autoimmune
thyroid disease is present in up to 60% of patients (9).



372 Dallas and Foley

Table 1 Causes of Thyrotoxicosis in Childhood
and Adolescence

Graves’ disease
Autonomous functioning nodule(s)

Toxic adenoma
Hyperfunctioning papillary or follicular carcinoma
McCune-Albright syndrome

Familial nonautoimmune hyperthyroidism
TSH-induced hyperthyroidism

TSH-producing pituitary adenoma
Pituitary resistance to thyroid hormone

Thyroiditis
Subacute thyroiditis
Toxic thyroiditis of Hashimoto’s disease

Exogenous thyroid hormone
Iodine-induced hyperthyroidism (jodbasedow)
Tumor-produced thyroid stimulators

Hydatidiform mole
Choriocarcinoma

Genetic studies have shown it to be a polygenic disorder,
and most of the genes that have been implicated appear
to be involved in immunoregulation (10). Human leuko-
cyte antigens (HLA) and the CTLA-4 gene region have
been established as susceptibility loci, although the mag-
nitude of their contributions seems to vary depending on
age of onset and racial background (11, 12). Recent re-
ports indicate that HLA-DRB1*03 and -DRB1*08 are
positively associated with Graves’ disease in White chil-
dren, whereas the DRB1*07 haplotype is protective (13,
14). For the Japanese population, HLA-DPB1*0501 is
significantly increased in children with Graves’ disease
(15). Recently, genome-wide linkage analysis studies
have identified regions on chromosomes 14q31, 18q21,
20q11.2, and Xq21.33–22 that appear to represent sus-
ceptibility loci for Graves’ disease (12, 16).

The concordance rate between monozygotic twins has
been reported to range between 20 and 60% (11–13), thus
implying that environmental factors play a significant role
in the development of the disease. The extent to which
chemicals, drugs, infections, and psychological stress can
alter immunoregulatory genes is unknown. However, the
existence of a two-way interaction between the immune
and neuroendocrine systems may provide a mechanism by
which biological and psychological stresses can affect
lymphocyte subpopulations and immunoregulation (17).

The exact incidence of Graves’ disease during child-
hood in North America is unknown, but it is uncommon
and has been reported to account for fewer than 5% of
cases seen in most thyroid clinics (18). A recent study has
estimated the incidence of childhood thyrotoxicosis in
Denmark to be 0.1:100,000 in the very young increasing
with age to 3:100,000 by 14 years old (19). Just as in
North America, the vast majority (>95%) of childhood
thyrotoxicosis in Denmark is due to Graves’ disease (19).

More than two-thirds of childhood cases in North America
occur between the ages of 10 and 15 years (1), and it
occurs more frequently in girls in a ratio of 3:1 to 5:1 (9).

B. Pathogenesis: Thyrotropin Receptor and
Thyrotropin Receptor Antibodies

The thyrotropin (TSH) receptor is a member of the large
family of guanine-nucleotide-binding (G) protein-coupled
receptors and represents the primary target antigen for au-
toantibodies that mediate the hyperthyroidism and thyro-
megaly of Graves’ disease. The cDNA encoding the hu-
man TSH receptor has been cloned and characterized (20,
21). As deduced from the cDNA sequence, the mature
receptor is a glycoprotein with a single polypeptide chain
of 744 amino acids. Like all other G-protein-coupled re-
ceptors, the TSH receptor has an extracellular domain,
seven transmembrane domains, and an intracellular do-
main. The TSH and other glycoprotein hormone (i.e., lu-
teinizing hormone [LH]/chorionic gonadotropin [CG] and
follicle-stimulating hormone [FSH]) receptors each have
relatively large extracellular domains, and this character-
istic differentiates them from the other G-protein-coupled
receptors. The TSH, LH/CG, and FSH receptors are
closely related structurally and share about 70% and 45%
homology in their transmembrane and extracellular do-
mains, respectively (22).

The extracellular domain of the TSH receptor (398
amino acids) represents the amino-terminal end, and the
transmembrane and intracellular domains (346 amino
acids) represent the carboxyl-terminal end of the protein.
The extracellular domain contains six potential N-glyco-
sylation sites and nine leucine-rich repeats of a loosely
conserved 25 amino acid residue motif. Proper glycosy-
lation appears to be important both for normal expression
of the receptor on the thyroid cell membrane and for nor-
mal hormone–receptor interactions (20, 21). The leucine-
rich repeats, which have the potential to form amphipathic
�-helices, are believed to be involved in protein–protein
or protein–membrane interactions. Recent studies have
confirmed that both TSH and autoantibodies to the TSH
receptor (TSHrAb) bind to the extracellular domain (20,
21). The transmembrane and intracellular domains are in-
volved in signal transduction, acting through G-protein to
stimulate the production of cyclic AMP by adenylyl cy-
clase (20, 21).

The hyperthyroidism and thyromegaly of Graves’ dis-
ease are mediated through immunoglobulin G (IgG) that
binds to the extracellular domain of the TSH receptor and
stimulates follicular cell function and growth. In addition
to the stimulating TSHrAbs, sera from patients with
Graves’ disease may also contain other IgG to the TSH
receptor that block thyroid cell function and growth. Stim-
ulating TSHrAbs are restricted to the IgG1 subclass, sug-
gesting that they are either oligo- or monoclonal in origin
(23). On the other hand, blocking TSHrAbs appear to be
polyclonal in origin and may be of IgG1, IgG2, IgG3, or
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IgG4 subclass (24). Current evidence suggests that disease
caused by the immune system (i.e., autoimmune disease)
appears to result from a restricted immune response in-
volving B and/or T lymphocytes against one or a few
epitopes of the target antigen (25). These observations,
therefore, support the importance of stimulating TSHrAbs
in the cause of Graves’ disease and imply that blocking
TSHrAbs, much like antithyroglobulin and antithyroid
peroxidase, arise as a result of thyroid tissue damage.
Nevertheless, blocking TSHrAbs can still modulate the
biological effects of stimulating TSHrAbs. Therefore, a
patient’s clinical presentation and course may be deter-
mined by the net biological effect of the simultaneous
interaction of various stimulating and blocking TSHrAbs
with the TSH receptor.

Several investigators have proposed that the func-
tional effect(s) a particular TSHrAb exhibits is determined
by the specific region to which the antibody binds on the
TSH receptor (26, 27). Following the successful cloning
of the TSH receptor, numerous studies have attempted to
identify binding sites for the various TSHrAbs. To date,
the major experimental approaches to defining TSHrAb
epitopes have included transfecting mammalian cells with
mutant cDNA of the TSH receptor and using synthetic
peptides derived from the predicted amino acid sequence
of the TSH receptor (reviewed in 21, 28–30). Although
some of these studies have localized functional epitopes
to a few relatively narrow regions of the extracellular do-
main (31), others have identified multiple regions
throughout the entire extracellular domain that appear to
be involved in TSHrAb binding (32). Although contro-
versy still exists regarding the specific sites that compose
TSHrAb epitopes, current evidence supports the concept
that the antibodies bind to conformational epitopes made
up of discontinuous segments across the extracellular do-
main (11). The amino acid region 55–254 contains resi-
dues important for the binding of at least some stimulating
TSHrAbs (33–35), whereas the amino acid region 370–
400 contains residues important for the binding of some
inhibitory TSHrAbs (20, 31, 36). Despite these recent ad-
vances, the exact mechanisms by which stimulating and
blocking TSHrAbs exert their biological effects remain
unknown. The precise determination of TSHrAb epitopes,
as well as the study of molecular mechanisms, will require
the development of human, disease-associated monoclonal
antibodies.

The major source of TSHrAb production appears to
be intrathyroidal lymphocytes (27), but lymphocytes in
the spleen, lymph nodes, bone marrow, and peripheral
blood may also produce these antibodies (37, 38). The
mechanisms and control of stimulating TSHrAb produc-
tion are uncertain, but several hypotheses have been pro-
posed. One hypothesis suggests that a deficiency of spe-
cific suppressor T-cell function accounts for TSHrAb
production (39); a second hypothesis suggests that a
breakdown in the idiotype–anti-idiotype network of B

lymphocyte immunoregulation may be responsible (40).
An increased frequency of antibodies to certain serotypes
of Yersinia enterocolitica has been reported in patients
with Graves’ disease (41), and infection with this bacte-
rium has been proposed as an important initiating event
in the development of the disease (42). Y. enterocolitica
has a specific, saturable binding site for TSH, and anti-
bodies produced against this site may cross react with the
TSH receptor on the thyroid follicular cell membrane
(41). A fourth hypothesis relies on the fact that thyroid
follicular cells can express HLA-DR antigens and are,
therefore, endowed with the capacity to present other an-
tigenic material to primed T lymphocytes. Through this
mechanism, the follicular cell could present the TSH re-
ceptor as antigen and direct the synthesis of TSHrAb (43).
Although experimental evidence exists for each of the
above hypotheses, none can fully account for all aspects
of TSHrAb production; further studies will be necessary
to identify the responsible mechanisms.

Currently, two major types of assays are used to mea-
sure TSHrAbs (44). Receptor assays assess the ability of
Graves’ IgG to inhibit labeled TSH from binding to the
TSH receptor, and antibodies detected by this method
have been designated thyrotropin-binding inhibitory im-
munoglobulins (TBII). It should be emphasized that re-
ceptor assays do not differentiate TSHrAb that stimulate
thyroid cell function from TSHrAb that inhibit thyroid cell
function; both types of TSHrAbs can be detected as long
as they inhibit TSH from binding to its receptor. Receptor
assays that employ a combination of detergent-solubilized
porcine TSH receptors and receptor-purified [125I]-labeled
bovine TSH (referred to as first-generation TSH receptor
assays) are both sensitive and specific, and they provide
a reproducible, inexpensive means of measuring TSHrAb
in unextracted serum (27, 45). Studies using these receptor
assays have detected TSHrAb in 82–100% of adults (27)
and 93% of children (46) with untreated active Graves’
disease. TSHrAb can also be detected by receptor assays
in small numbers (10–20%) of patients with Hashimoto’s
thyroiditis (27, 46, 47). A newer second-generation TSH
receptor antibody assay is now commercially available
(48) that utilizes purified labeled bovine TSH and an im-
mobilized recombinant human TSH receptor protein (48).
Recent reports show that this assay retains very high spec-
ificity and is more sensitive than the first-generation re-
ceptor assay (48, 49). In one report (49), the second-gen-
eration assay detected TSHrAb in 41 of 46 patients with
Graves’ disease who had negative results with the stan-
dard first-generation assay.

Bioassay methods constitute the other major type of
assay currently used to measure TSHrAb. Most com-
monly, these assays employ isolated thyroid cells in cul-
ture to assess the ability of immunoglobulin concentrates
from patient sera to stimulate thyroid cell production of
cAMP. Antibodies detected by these assays have been
designated thyroid-stimulating immunoglobulins (TSI).
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Table 2 Common Symptoms and Signs
of Graves’ Disease in 290 Children
and Adolescents

Percentage
affected

Goiter 98
Tachycardia 82
Nervousness 82
Increased pulse pressure 80
Proptosis 65
Increased appetite 60
Tremor 52
Weight loss 50
Heat intolerance 30

Source: Ref. 9.

These assays can be performed using cells taken from
human or porcine thyroid tissue as well as from the im-
mortal rat thyroid line: the FRTL-5 cells. More recently,
transfected mammalian cells (e.g., Cos-7 and CHO cells)
expressing the recombinant human TSH receptor have
been used to detect stimulating TSHrAbs (20, 50). Re-
cently, a bioassay method utilizing CHO cells transfected
with the human TSH receptor was found to detect TSI in
10 of 11 (91%) children with active Graves’ disease,
whereas TSI were not detected by this assay in 13 normal
children, 2 children in remission from Graves’ disease,
and 11 children with chronic lymphocytic thyroiditis (51).
Although the bioassays possess high sensitivity and spec-
ificity, they are less precise and are more expensive and
time-consuming to perform than the receptor assays (26,
27, 44, 51).

Although some reports have demonstrated highly
positive correlations between TSHrAb levels detected by
the receptor and bioassay methods (52), most have dem-
onstrated no such correlation (26). Some investigators
suggest that the lack of correlation between TBII and TSI
levels in patient sera is due to the presence of different
populations of TSHrAbs that exhibit different degrees of
TSH agonist activity (53). Others suggest that the poor
correlation results from the coexistence of both stimulat-
ing and blocking TSHrAb in some patients’ sera (54).

C. Clinical Manifestations

During childhood and adolescence most patients with
Graves’ disease present with the classic symptoms and
signs (9). Early during the course of the disease the symp-
toms and signs specific to children (Table 2) may be min-
imal since the disease usually develops insidiously over
several months (9). Often the initial awareness of any
problem is in school, where teachers notice changes in
behavior and academic performance. Insomnia, restless
sleep, and nocturia are common and often are associated

with easy fatigability and lethargy during the day. Other
clinical manifestations include palpitations, increased
stool frequency, increased sweating, and proximal muscle
weakness. Children who develop Graves’ disease before
the age of 3–4 years can experience transitory speech and
language delays, mental retardation, and craniosynostosis
(55). The symptoms of hyperthyroidism in Graves’ dis-
ease, although variable, tend to be more severe than in
other causes of hyperthyroidism.

Ophthalmic abnormalities are present in over one-half
of patients (refer to Chapter 16, Sec. X), and thyromegaly
is almost invariably present. In fact, the absence of goiter
raises serious doubt about the diagnosis of Graves’ dis-
ease, and other causes of hyperthyroidism should be
sought. The thyroid gland usually is symmetrically en-
larged, smooth, soft, and nontender. A palpable thrill or
an audible bruit may be present and reflects increased
blood flow through the gland. Less often, and usually in
association with coexisting Hashimoto’s thyroiditis, the
gland may be firm, bosselated, and asymmetrically en-
larged. Although pretibial myxedema is observed in 1–
2% of adults with Graves’ disease (11), it rarely, if ever,
occurs in children. Other diseases have been observed
in association with Graves’ disease and include Hashi-
moto’s thyroiditis, vitiligo, systemic lupus erythematosus,
rheumatoid arthritis, Addison’s disease, insulin-depen-
dent diabetes mellitus, myasthenia gravis, and pernicious
anemia (1).

Although their occurrence is extremely rare, thyroid
storm and thyrotoxic periodic paralysis (TPP) are two en-
docrine emergencies that have been reported in children/
adolescents with hyperthyroidism. Although most re-
ported patients have had Graves’ disease, these situations
can also occur with other causes of hyperthyroidism (56–
59). Thyroid storm is a life-threatening manifestation of
thyrotoxicosis characterized by fever (generally greater
than 38.5�C), tachycardia out of proportion to the fever,
high-output cardiac failure, gastrointestinal dysfunction
(such as vomiting, diarrhea, and jaundice), and neurolog-
ical changes (such as confusion, obtundation, seizures,
and coma). The diagnosis of thyroid storm requires a high
index of suspicion. The syndrome complex may occur ei-
ther in previously undiagnosed patients or in patients with
poorly controlled hyperthyroidism. If left untreated, mor-
tality rates of up to 90% have been reported (60). The
exact mechanisms underlying the clinical progression
from uncomplicated thyrotoxicosis to storm have not been
determined. A number of precipitating factors have been
identified and include infection, trauma, surgery, concom-
itant ingestion of sympathomimetic agents (e.g., pseudo-
ephedrine), withdrawal of antithyroid medication, and
radioactive iodine therapy (56, 61–65). Therapeutic inter-
vention includes emergency and supportive care to main-
tain adequate respiratory and cardiovascular functions and
to control body temperature; management of precipitating
factors, if indicated; and limiting the amount of thyroid
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hormones available to the peripheral body tissues, by us-
ing propylthiouracil (PTU), iodide, �-adrenergic blockers,
and glucocorticoids (64, 65). PTU inhibits production of
new thyroid hormone and blocks conversion of T4 to T3

in peripheral tissues. During the first 24–48 h of man-
agement, PTU can be administered orally, rectally, or by
nasogastric tube in dosages ranging from 100 to 200 mg
every 4–6 h (66). Once initial control of thyrotoxicosis
has been achieved, PTU dosages can be reduced to 5–10
mg/kg/day in divided oral doses every 6–8 h. Iodides
(SSKI, 5–6 drops orally every 8 h) inhibit release of pre-
formed hormones from the thyroid, acutely impair organ-
ification of T4, and inhibit T4 to T3 conversion. Preferably,
iodides should be used only after PTU has been admin-
istered to avoid an increase in new thyroid hormone pro-
duction. Propranolol (2 mg/kg/day in divided oral doses
every 6–8 h) and hydrocortisone (2 mg/kg as an intra-
venous [IV] bolus, then 36–45 mg/m2/day in divided IV
doses every 6 h) are used to treat the exaggerated adre-
nergic effects and possible relative glucocorticoid insuf-
ficiency, respectively, that accompany thyroid storm. Both
also inhibit conversion of T4 to T3.

TPP is a reversible cause of sudden-onset weakness
that most commonly affects hyperthyroid patients of
Asian descent. However, TPP has also been observed in
susceptible White, African-American, Hispanic, and Na-
tive American persons (59). The disorder affects 1–2% of
hyperthyroid patients in Asian populations, but only 0.1–
0.2% of hyperthyroid patients in North America (67, 68).
A very strong male preponderance has been observed, but
the mode of inheritance is unknown and the majority of
affected individuals do not have a family history of pe-
riodic paralysis. Most patients present between the ages
of 20 and 39 years, but older adolescents with TPP have
been reported (69). At presentation, the clinical signs and
symptoms of thyrotoxicosis are often subtle and may be
overlooked. In the majority of patients, episodes of weak-
ness usually occur precipitously and vary from mild weak-
ness to total paralysis of affected muscle groups. Weak-
ness usually involves the limbs, with proximal muscles
being more severely affected than distal muscles. Mental
function, sensory function, respiratory, ocular, and bulbar
muscle groups are not affected. However, cardiac rhythm
disturbances and electrocardiographic (ECG) abnormali-
ties (e.g., U waves, ST segment abnormalities, prolonga-
tion of QT interval) are common (70).

TPP typically occurs in the early morning hours, fol-
lowing a day of strenuous exercise. Other apparent pre-
cipitating factors include high carbohydrate intake,
trauma, infection, menses, emotional stress, and alcohol
ingestion (59, 71). The frequency of attacks is variable,
and individual episodes typically last from 3 to 36 h. Lab-
oratory evaluation during episodes reveals biochemical
evidence of thyrotoxicosis (e.g., elevated serum levels of
total and free thyroid hormones with suppressed TSH),
and, in the vast majority of cases, significant hypokalemia.

Body stores of potassium are normal, and hypokalemia is
the result of intracellular shifts of potassium. Neuromus-
cular symptoms appear to resolve as potassium moves
back out of the cells and may be hastened with supple-
mental potassium administration. Although the severity of
muscle weakness/paralysis tends to reflect the degree of
hypokalemia, episodes have occurred in a few patients
with normal potassium levels (68, 71).

Although the exact mechanisms responsible for this
disorder remain unclear, patients experience TPP only
while they are thyrotoxic. Thyrotoxicosis alters plasma
membrane permeability to sodium and potassium, a func-
tion linked to Na�-K� ATPase activity. Thyrotoxicosis
also enhances tissue responsiveness to �-adrenergic stim-
ulation and this further increases Na�-K� ATPase activity.
Na�-K� ATPase is also activated by insulin, and this may
explain the relationship between attacks and large carbo-
hydrate loads. In addition, a defect in the muscles them-
selves has been proposed, since they fail to respond to
direct electrical stimulation during the period of paralysis
(72). Medical management includes hospital admission
for the acute paralysis, cardiac monitoring, and close ob-
servation of serum potassium levels. Potassium supple-
ments should be used to correct hypokalemia, and anti-
thyroid therapy should be started. Episodes of TPP always
cease once thyrotoxicosis is corrected, and permanent
treatment for the overactive thyroid is imperative. While
awaiting normalization of thyroid status, patients should
avoid precipitating factors such as strenuous exercise and
high carbohydrate intake. �-Adrenergic-blocking agents
and pharmacological glucocorticoid therapy can be useful
adjunctive treatments for TPP (67, 68).

III. AUTONOMOUS THYROID NODULE

The autonomously functioning thyroid nodule is a discrete
thyroid nodule that functions independently of normal pi-
tuitary control. The pathogenesis has not yet been estab-
lished in all cases, but recent evidence suggests that so-
matic mutations of the �-subunit of G-protein (Gs�; see
below) and the third intracellular loop of the TSH receptor
are probably responsible for the development of some
cases (73, 74). In both situations, the mutations result in
constitutive activation of adenylyl cyclase and unregulated
production of cAMP. The unregulated cAMP production
is responsible for the subsequent tissue hyperplasia and
hyperthyroidism.

This disorder predominantly occurs in adults, is rare
during childhood, but has been reported in a child as
young as 22 months (75). Most children with a thyroid
nodule come to the attention of a physician because of a
mass in the region of the thyroid gland. The majority of
patients with autonomous thyroid nodules are clinically
euthyroid, and in contrast to adults, clinical hyperthyroid-
ism occurs very rarely in children. Autonomously func-
tioning nodules that cause hyperthyroidism are almost in-
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variably benign adenomas (toxic adenoma), but very
rarely hyperthyroidism caused by hyperfunctioning pap-
illary or follicular carcinoma has been reported (76). In
these cases, the patients usually have extensive metastatic
disease and the diagnosis of carcinoma has been estab-
lished prior to onset of hyperthyroidism.

The hyperthyroidism of the McCune-Albright syn-
drome (MAS) is also associated with single or multiple
hyperfunctioning adenomatous nodules. This syndrome
is characterized by polyostotic fibrous dysplasia, multi-
ple café-au-lait spots, and endocrine hyperfunction. The
most common endocrinopathy is isosexual precocious
puberty, but hyperthyroidism, acromegaly, Cushing syn-
drome, and hyperparathyroidism have been reported
(77). In contrast to polyostotic fibrous dysplasia and pre-
cocious puberty that occur more commonly in girls with
the syndrome, hyperthyroidism occurs with equal fre-
quency in boys and girls. The age of onset of hyperthy-
roidism tends to be between 3 and 12 years (78), which
is somewhat younger than the usual age of onset of hy-
perthyroidism caused by hyperfunctioning nodules in
other individuals. The hyperthyroidism is clearly due to
autonomous function of the thyroid gland; basal TSH
levels are suppressed and the TSH response to TRH is
blunted, thyroid-stimulating antibodies are undetectable,
and T3 treatment fails to suppress radioactive iodide up-
take by the thyroid.

Current evidence indicates that the receptors for each
of the hormones (i.e., LH, FSH, TSH, growth-hormone-
releasing hormone [GHRH], adrenocorticotropic hormone
[ACTH], and parathyroid hormone [PTH]) that might oth-
erwise be implicated in the observed endocrinopathies of
MAS are all coupled to G-proteins. The G-proteins are
hetereotrimers composed of an �-subunit and a tightly
coupled ��-dimer (79). The �-subunit contains the gua-
nine-nucleotide-binding site and has intrinsic GTPase ac-
tivity. In the normal situation, the binding of one of these
stimulatory hormones to its receptor facilitates the
exchange of GTP for GDP in the guanine-nucleotide-bind-
ing site of the �-subunit (Gs�). This results in the release
of the G-protein from the receptor and its dissociation into
free Gs�-GTP and free ��-dimer. Free Gs�-GTP stimulates
adenylyl cyclase activity, with the subsequent production
of intracellular cAMP. After a preset time, the intrinsic
GTPase of Gs� hydrolyses GTP to GDP, and the Gs�-GDP
reassociates with the ��-dimer. The G-protein is thus re-
turned to its inactive state and can now reassociate with
its receptor and participate in another cycle (79). Recent
studies have identified mutations in the Gs� gene in en-
docrine organs, bone, and skin from patients with MAS
(79–81). These mutations involve the amino acid residue
Arg201 that is critical for the intrinsic GTPase activity of
Gs�. Therefore, certain substitution mutations involving
this amino acid residue result in the constitutive activation
of adenylyl cyclase and unregulated production of intra-
cellular cAMP. In some cases, the mutation has been

found in abnormal sections of tissue but not in histolog-
ically normal sections from the same tissue (79). This ob-
servation would tend to explain the development of hy-
perfunctioning nodules within the thyroid gland.

The amount of thyroid hormone that an autono-
mously functioning nodule produces appears to be related
to its size. In adults with single autonomous nodules, hy-
perthyroidism usually occurs only when the nodule mea-
sures more than 2.5–3 cm in diameter (82). Both T4 and
T3 can be produced in excess, but an elevated serum T3

level is frequently the only biochemical abnormality. In
some patients, the T3 level may be elevated enough to
inhibit the TSH response to TRH, but not enough to cause
clinical hyperthyroidism (83).

A radionuclide image, preferably using [123I]-iodine,
should be included in the evaluation of the hyperthyroid
child with a thyroid nodule. The radioiodine image allows
one to study both trapping and organification by the nod-
ule. Technetium images only demonstrate trapping by the
nodule, and images are not always identical to those ob-
tained with iodine. The diagnosis of a hyperfunctioning
or ‘‘hot’’ nodule is established when the image reveals
increased accumulation of the radioisotope in the nodule
and decreased or absent uptake in the surrounding thyroid
tissues.

Surgical removal is the preferred method of treat-
ment for the toxic thyroid nodule and usually is accom-
plished by partial thyroidectomy. Significant surgical
complications are not expected, and postoperative hy-
pothyroidism seldom occurs. With complete surgical re-
moval of the autonomous nodule, hyperthyroidism
should not recur postoperatively. Since the hyperthyroid-
ism produced by the autonomous nodule is usually mild,
a long preoperative preparation with antithyroid drugs is
seldom necessary. Propranolol may be used to decrease
the symptoms of hyperthyroidism. The administration of
iodides is not indicated in the preoperative treatment of
the autonomous nodule. Percutaneous intranodular eth-
anol injection under ultrasound guidance has been em-
ployed for the ablation of autonomous thyroid nodules
(84). This approach appears to be safe and effective in
adults and may prove to be a practical alternative to sur-
gical treatment in children.

IV. FAMILIAL NONAUTOIMMUNE
HYPERTHYROIDISM

Familial nonautoimmune hyperthyroidism (FNH) is a rare
condition that clinically can be confused with Graves’ dis-
ease. It has been estimated that FNH (also referred to as
nonautoimmune hereditary hyperthyroidism) may account
for 2–5% of all cases of diffuse hyperthyroidism (85).
The disorder occurs because of a germline mutation in the
TSH receptor gene. These so-called gain of function mu-
tations result in the constitutive activation of the TSH re-
ceptor–G protein–effector system complex that ulti-
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mately leads to increased thyroid follicular cell growth
and function. The first family recognized to have this dis-
order was described in 1982 (86); as of this writing, ap-
proximately 10 kindreds with FNH have been identified
(87, 88). Except for amino acid 281 (Ser281) in the extra-
cellular domain, all the other identified mutation sites are
located in transmembrane domains 1, 2, 3, 5, 6, and 7 of
the TSH receptor (87).

The disease is transmitted in an autosomal dominant
fashion. Therefore, unlike in Graves’ disease, males and
females can be affected equally. In described families, hy-
perthyroid individuals are spread over three to four gen-
erations. The onset of clinical hyperthyroidism is highly
variable, with some patients presenting before the age of
1 year and others presenting in adolescence or early adult-
hood. However, clinically asymptomatic individuals can
exhibit suppressed serum TSH levels for years prior to the
clinical appearance of goiter or thyrotoxicosis (85).

In affected individuals, both thyroid gland size and
structure tend to change over time. In the youngest pa-
tients, the gland tends to be normal to slightly enlarged.
In older patients, the thyroid is symmetrically enlarged
and bruits may be audible over the lobes. Eventually, the
diffusely enlarged gland may evolve into a multinodular
goiter (85). Although eye signs of thyrotoxicosis (e.g.,
stare, lid lag, widened palpebral fissures, mild proptosis)
may be present, infiltrative ophthalmopathy has not been
observed in FNH. Laboratory evaluation reveals elevated
serum levels of both total and free thyroid hormones and
suppressed TSH. TSH receptor antibodies are not present.
In general, serum antibodies to thyroid peroxidase and
thyroglobulin also are not present, but these autoantibod-
ies have been detected in a few patients with confirmed
FNH (88). In the research setting, DNA from peripheral
blood leukocytes can be used to sequence the TSH recep-
tor gene for identification of point mutations associated
with FNH.

The recognition of FNH is of great importance for its
management. The diagnosis should be considered in cases
of apparent Graves’ disease when extrathyroidal signs and
thyroid antibodies are absent and in patients with an ex-
tensive family history of hyperthyroidism. As in Graves’
disease, antithyroid drug therapy can control the hyper-
thyroidism; but, due to the persistent functional effects of
the TSH receptor mutation, remission does not occur.
While subtotal thyroidectomy may restore euthyroidism
in some patients (87), significant regrowth of thyroid tis-
sue may likewise occur with subsequent recurrence of
clinical hyperthyroidism (85). Therefore, total ablation of
the gland, either surgically or with radioiodine, should be
considered in patients with FNH. Regular systematic
screening for either clinical symptoms or early biochem-
ical evidence of hyperthyroidism (i.e., suppressed serum
TSH levels) should be undertaken to identify other af-
fected family members. In addition, genetic counseling
should be offered to affected families.

V. TSH-INDUCED HYPERTHYROIDISM

Hyperthyroidism from increased TSH secretion can occur
as the result of either a TSH-secreting pituitary adenoma
or selective pituitary resistance to thyroid hormone. Al-
though both are rare, each has been reported in childhood
and adolescence (89). Unlike Graves’ disease, the gender
ratio in patients with TSH-induced hyperthyroidism is 1:
1. Most cases of TSH-producing pituitary adenoma occur
sporadically, but familial cases have been reported (90).
Pituitary resistance to thyroid hormone appears to be fa-
milial with an autosomal dominant pattern of inheritance
(89). The cause of pituitary resistance to thyroid hormone
has not been established for all cases, but most represent
forms of the syndrome of generalized resistance to thyroid
hormone (GRTH; see below) (91, 92). The syndrome of
GRTH is caused by a mutation in TR�, one of the thyroid
hormone receptor genes (92). Approximately 60 different
mutations have been identified in patients from over 100
families (92). Although the reasons remain unclear, af-
fected members within a family can exhibit different de-
grees of resistance to thyroid hormone, and various tissues
(e.g., heart, liver, bone, and pituitary) can be affected to
a greater or lesser degree (92, 93). Therefore, the pituitary
gland in such individuals would be relatively more resis-
tant to thyroid hormones than other tissues in the body.
Pituitary thyrotroph resistance in these individuals is se-
lective for thyroid hormones, since there is normal inhi-
bition of pituitary TSH secretion by glucocorticoids and
dopaminergic agents (89). Criteria essential for the diag-
nosis of this disorder include evidence of increased pe-
ripheral metabolism, diffuse thyromegaly, elevated free
thyroid hormone levels, and inappropriately elevated se-
rum levels of TSH (90). Although the TSH level may not
be elevated above the normal range, it is always detecta-
ble, even in highly sensitive and specific immunoassays.
In all other causes of hyperthyroidism, sensitive immu-
noassays will reveal very suppressed or undetectable se-
rum levels of TSH.

The clinical presentation is often very similar to
Graves’ disease, and a high degree of suspicion is needed
to make the diagnosis. The patient with pituitary ade-
noma, however, may present with visual complaints due
to compression of optic nerve tracts by the adenoma. In-
creased pituitary secretion of growth hormone and prolac-
tin has also been reported in patients with TSH-secreting
tumors (90).

Once the diagnosis of TSH-induced hyperthyroidism
has been established, the clinician needs to determine if
the increased TSH secretion results from a pituitary tumor
or from pituitary resistance to thyroid hormone in order
to determine the proper course of therapy. The TRH and
T3 suppression tests may help differentiate these two dis-
orders. In general, serum TSH levels do not increase in
response to TRH when a pituitary tumor is the cause of
hyperthyroidism. In contrast, the TSH response to TRH
tends to be normal or exaggerated in pituitary resistance
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to thyroid hormone (89). Pharmacological dosages of T3

cause significant TSH suppression in patients with pitui-
tary resistance but fail to reduce TSH levels in patients
with TSH-secreting pituitary adenomas.

Determination of serum levels of the free �-subunit
of the glycoproteins, including TSH, also can aid in dif-
ferentiating these conditions; patients with TSH-secreting
pituitary tumors generally have elevated (greater than 1)
molar �-subunit/TSH ratios. This ratio tends to be less
than 1 in patients with pituitary resistance to thyroid hor-
mone (90). The measured �-subunit is usually expressed
in ng/ml, whereas TSH is usually expressed in �U/ml. In
order to determine the molar �-subunit/TSH ratio, one
assumes a molecular weight for TSH of 28,000 D, a mo-
lecular weight for �-subunit of 13,600 D, and a specific
activity for human TSH of 5 �U/ng (94). This results in
a conversion factor of (28,000/13,600)/0.2 or approxi-
mately 10 (95). Therefore, [�-subunit (ng/ml)/TSH (�U/
ml)] � 10 = molar �-subunit/TSH ratio. CT scan and MRI
studies of the pituitary region also can help to establish
the diagnosis and to guide treatment.

Treatment for TSH-secreting adenomas consists of
selective adenonectomy or radiotherapy, or a combination
of the two (93, 96). In the past, a brief course of antithy-
roid drugs was used to render the patient euthyroid prior
to surgery. More recently, the somatostatin analog, octreo-
tide, has proven useful in the management of TSH-pro-
ducing pituitary tumors (93, 96). This drug normalizes
thyroid hormone levels in most patients and causes a
decrease in tumor size in some. However, because of
tachyphylaxis, octreotide cannot be considered definitive
treatment. The current approach to managing the TSH-
producing pituitary tumor consists of achieving a euthy-
roid state with octreotide, followed by surgical resection
of the tumor.

Treatment of patients with pituitary resistance to thy-
roid hormone is more difficult. Ideally, treatment should
be aimed at reducing TSH secretion by the pituitary. A
number of agents including L-T3, D-T4, bromocryptine,
and triiodothyroacetic acid (Triac) have been advocated
(90, 93, 97–99). To date, each agent has been used in a
limited number of patients, and the overall efficacy of
each has not been determined. Octreotide has not been
useful in the long-term treatment of these patients (93).
Atenolol, a �-adrenergic-blocking agent that does not im-
pair the peripheral conversion of T4 to T3, can be used to
decrease the symptoms of hyperthyroidism (100). Al-
though antithyroid drugs will reduce serum thyroid hor-
mone levels, they will also increase TSH secretion and
goiter size. Since prolonged TSH hypersecretion may lead
to thyrotroph hyperplasia and potentially to the develop-
ment of a TSH-secreting pituitary adenoma (101), pro-
longed treatment with antithyroid drugs is discouraged.
Likewise, subtotal thyroidectomy and radioiodine therapy
should not be used in patients with pituitary resistance to
thyroid hormone.

VI. SUBACUTE AND HASHIMOTO’S
THYROIDITIS

Subacute or granulomatous thyroiditis is a self-limited,
presumably viral, inflammation of the thyroid gland. This
entity is rarely seen in children, occurring more frequently
between the third and fifth decades of life. Mild symptoms
of thyrotoxicosis may occur, but they are often overshad-
owed by malaise, fever, and tenderness of the thyroid
gland. The erythrocyte sedimentation rate is consistently
elevated. Thyroid antibodies are usually negative early in
the disease, but titers may rise transiently to abnormal
levels during recovery. The thyrotoxic phase of this dis-
ease probably results from destruction of thyroid follicular
cells with release of large amounts of preformed thyroid
hormones.

The toxic thyroiditis of Hashimoto’s disease occurs
early in the course of chronic lymphocytic thyroiditis and
probably results from extensive autoimmune destruction
of thyroid follicular cells. The child may present with mild
symptoms of thyrotoxicosis and a slightly enlarged, some-
times tender, thyroid gland. Thyroid antibodies are usually
positive.

Laboratory evaluation of both disorders reveals ele-
vated serum T4, free T4, and T3 levels and undetectable
TSH levels. The TSH response to TRH is either blunted
or absent. The radioiodine uptake is typically low or ab-
sent during the thyrotoxic phase of these disorders and
helps to differentiate toxic thyroiditis from Graves’ dis-
ease.

Treatment of these disorders is symptomatic. Antithy-
roid drugs are not indicated in the treatment, but propran-
olol can be used to relieve the symptoms of thyrotoxicosis
in both. The pain and tenderness of the thyroid gland may
be relieved by therapeutic dosages of salicylates, but on
occasion glucocorticoids may be required. These disorders
have been discussed in detail in Chapters 15 and 17.

VII. EXOGENOUS THYROID HORMONE

Thyrotoxicosis may result from the ingestion, usually
chronic, of excessive quantities of thyroid hormone prep-
arations (102). The term thyrotoxicosis factitia has been
used to describe this situation. In children and adolescents,
this ingestion may be surreptitious, iatrogenic, or acciden-
tal. Although therapeutic thyroid hormone preparations
are the most obvious source, the clinician should keep in
mind that ground meats and diet pills have reportedly
been contaminated with large amounts of thyroid hor-
mones and implicated in some patients with thyrotoxicosis
factitia (102).

Although acute accidental or intentional overdoses of
thyroid hormones can produce marked elevations in serum
T4 levels, the majority of children who take as much as
5–10 mg L-T4 in a single dose have few or no symptoms
of thyrotoxicosis (103). When symptoms of thyrotoxicosis
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Table 3 Conditions Causing Hyperthyroxinemia in the
Absence of Thyrotoxicosis

Increased T4-binding by serum proteins
Increased concentration of TBG
Familial dysalbuminemic hyperthyroxinemia
Increased T4-binding by transthyretin
Anti-T4 antibodies

Generalized (pituitary and peripheral tissues) resistance to
thyroid hormone

Impaired conversion of T4 to T3

Pathophysiological conditions (e.g., type I deiodinase
deficiency and certain nonthyroidal illnesses)

Pharmacological agents (e.g., amiodarone, propranolol,
heparin, iodine contrast agents, amphetamines, L-
thyroxine)

Changes in thyroid stimulation associated with psychiatric
illness

occur in these cases, they are usually mild and consist of
fever, tachycardia, irritability, vomiting, diarrhea, and hy-
peractive behavior. Although more serious reactions such
as seizures have been reported, these occur very infre-
quently and several hours to days after the acute overdose
(104). When preparations containing significant levels of
T3 have been ingested, the onset of symptoms is within
6–12 h. The onset of symptoms following acute ingestion
of L-T4 is generally within 12–48 h, but may be as late
as 7–10 days after ingestion. The delayed onset of symp-
toms may be explained by the conversion of T4 to its
biologically more active metabolite, T3. Serum levels of
T4 and/or T3 following acute ingestion correlate poorly
with development of toxicity (105). Because the majority
of these cases are relatively benign and symptoms are ab-
sent or delayed, initial therapy should be limited to gastric
decontamination with syrup of ipecac followed by acti-
vated charcoal and/or a cathartic (106). Some authorities
also recommend cholestyramine as an initial adjunctive
therapy because this agent binds thyroid hormones and
reduces their enterohepatic circulation (105). Patients who
have ingested thyroid hormone accidentally can then be
evaluated closely at home pending the onset of symptoms.
As in other accidental poisonings, the parents should be
counseled on child safety measures. Only when symptoms
occur should hospitalization or further treatment be con-
sidered. Propranolol is helpful in controlling tachycardia
as well as improving symptoms of nervousness, diapho-
resis, or tremor. Acetaminophen may be useful for control
of fever. In the rare situation when a massive ingestion
results in a life-threatening situation, exchange transfusion
has been shown to reduce serum thyroid hormone con-
centrations effectively (105). Psychiatric evaluation may
be indicated for patients with acute intentional overdoses.

Chronic ingestion of thyroid hormone preparations
can produce symptoms similar to hyperthyroidism of thy-
roid origin. However, thyromegaly is not present unless
the patient also has a coincident thyroid disease such as
Hashimoto’s thyroiditis. Likewise, infiltrative ophthal-
mopathy is absent; however, as in other causes of thyro-
toxicosis, lid lag and stare may be present. The diagnosis
of this disorder is not difficult if the clinician is able to
obtain a history of thyroid hormone ingestion. However,
this history may be difficult to obtain, especially in cases
of surreptitious ingestion. Nevertheless, the clinician
should still be able to diagnose this disorder using a lim-
ited number of tests. Thyroid function test results will
depend on the type of preparation responsible for the thy-
rotoxicosis. If the preparation is composed mainly of T4,
the patient will have elevated serum T4 and free T4 levels.
If the preparation is T3 or has a high T3/T4 ratio, the pa-
tient will have a low to normal serum T4 level. In both
cases the serum T3 level is elevated. The radioiodine up-
take is low to reflect the suppression of thyroid gland
activity induced by exogenous thyroid hormone. Unlike
all other causes of thyrotoxicosis, the plasma thyroglob-

ulin level in this disorder is undetectable or extremely low.
Therefore, the plasma thyroglobulin level may be ex-
tremely helpful in differentiating this disorder from other
causes of thyrotoxicosis.

Treatment of thyrotoxicosis resulting from chronic in-
gestion of thyroid hormone preparations should be guided
by the circumstances surrounding ingestion. For example,
patients receiving excessive replacement for treatment of
hypothyroidism should have their dosage reduced. The pa-
tient who is taking thyroid hormone surreptitiously should
be advised to discontinue the medication; in some cases,
psychotherapy may be necessary.

VIII. EUTHYROID HYPERTHYROXINEMIA

The term euthyroid hyperthyroxinemia is used to describe
the various conditions in which the serum T4 level, either
total or free, is elevated in the absence of thyrotoxicosis.
The causes are listed in Table 3 and can be classified into
four major categories: increased T4 binding by serum pro-
teins, generalized resistance to thyroid hormones, im-
paired peripheral conversion of T4 to T3, and changes in
thyroid stimulation associated with psychiatric illness.

Alterations in any of the serum thyroid hormone-
binding proteins can produce elevations of the total T4

level, but the free T4 level remains normal. Increased thy-
roxine-binding globulin (TBG) concentration results from
a variety of causes (Table 4) and produces concurrent
elevations of the serum total T4 and T3 levels. Familial
dysalbuminemic hyperthyroxinemia (FDH) is due to the
presence of significant amounts of serum albumin with an
unusually high affinity for T4. Since this albumin typically
binds T3 only weakly, the serum T3 level remains normal.
FDH is inherited in an autosomal dominant fashion and
is expressed equally in males and females. Increased se-
rum concentration or binding affinity of thyroxine-binding
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Table 4 Factors Associated with
Increased TBG Concentration

Pregnancy
Neonatal state
Estrogens
Oral contraceptives
Acute intermittent porphyria
Infectious and chronic active hepatitis
Perphenazine
Genetic determination

prealbumin (TBPA) or transthyretin can produce elevated
serum total T4 levels but, as in FDH, the serum T3 level
remains normal. The presence of endogenous antibodies
directed against T4 can produce either true or spurious
elevations in serum total T4 levels.

The serum free T4 level is normal in the disorders of
protein binding when it is determined by equilibrium di-
alysis or the two-step coated tube method. Determination
of the free T4 by an analog-based free T4 method gives
falsely high results in patients with FDH and endogenous
anti-T4 antibodies. This occurs because the variant albu-
min or anti-T4 antibody in the serum readily binds the
analog tracer used in these competitive immunoassays,
and, thereby decreases the amount of tracer available to
compete for the assay antibody. The low binding of tracer
by the assay antibody gives the false impression of a high
free T4 concentration.

The FT4 index, as usually calculated from the resin
T3 uptake test, accurately reflects the FT4 level only when
increased T4 binding is due to TBG excess. T4 and T3

share the same binding site on TBG. When the concen-
tration of TBG is increased, the available binding sites for
both T4 and T3 are increased. The resin T3 uptake is in-
versely proportional to the number of available binding
sites for T3; that is, when the available serum binding sites
for T3 are increased, the resin T3 uptake is decreased. The
FT4 index, when calculated as the product of the T4 and
the resin T3 uptake, is usually normal in TBG excess be-
cause the elevated T4 is offset by the decreased resin T3

uptake. However, when increased serum T4 binding results
because of FDH or increased T4-binding by TBPA or anti-
T4 antibodies, the resin T3 uptake remains normal because
none of these proteins binds significant amounts of T3.
Consequently, the FT4 index values are spuriously ele-
vated. Therefore, one should always consider the possi-
bility of an abnormal T4-binding protein when serum T3

and resin T3 uptake results are normal in the face of an
elevated serum T4 level. It should be emphasized that pa-
tients with elevated serum T4 levels resulting from abnor-
mal serum binding proteins are euthyroid; no antithyroid
treatment is indicated.

Generalized (pituitary and peripheral tissues) resis-
tance to thyroid hormone (GRTH) is a rare disorder char-

acterized by thyromegaly, elevated serum total and free
T4 and T3 levels, a preserved TSH response to TRH, and
absence of the usual symptoms and signs of thyrotoxi-
cosis. Although this syndrome is probably congenital, it
is rarely diagnosed at birth and more often recognized
during childhood and adult life (107). In the majority of
affected individuals, it is inherited in an autosomal dom-
inant fashion, but recessive transmission has also been
reported (107). The male to female ratio in GRTH is close
to 1. The tissue resistance to thyroid hormones is selec-
tive, and studies have shown that the pituitary thyrotrophs
and peripheral tissue fibroblasts respond normally to do-
paminergic drugs and/or glucocorticoids (108, 109). Pi-
tuitary secretion of TSH is responsible for thyromegaly,
increased thyroid gland activity, and excessive thyroid
hormone synthesis and secretion seen in this syndrome.
Although the serum TSH level may not always be ele-
vated, it is always detectable; administration of TRH pro-
duces a further increase in TSH levels. On the other hand,
administration of supraphysiological dosages of exoge-
nous T3 suppresses pituitary secretion of TSH in virtually
all affected patients.

The syndrome of GRTH results from mutations in
one of the thyroid hormone receptor genes (92). Two thy-
roid hormone receptor genes, TR� and TR�, are located
on chromosomes 3 and 17, respectively (92). By alter-
native splicing of primary transcripts, these two genes
code for four main isoforms of the thyroid hormone re-
ceptor (TR�-1 and c-erbA �-2; TR�-1 and TR�-2). With
the exception of the c-erbA �-2 isoform, each of these
proteins has both T3-binding and DNA-binding domains
and functions as a thyroid hormone receptor (92). All mo-
lecular genetic studies on patients with GRTH have re-
vealed mutations in the T3-binding domain of the TR�
gene. About 60 different mutations in TR� have now been
identified in patients from over 100 families; the muta-
tions consist of single amino acid substitutions at a single
codon, single amino acid deletions, frameshift mutations,
or truncations due to premature termination of translation
from a mutation-generated stop codon (92). These muta-
tions result in thyroid hormone receptors with defective
T3 binding. In some cases, the same mutations have been
described in different families. The clinical phenotype can
vary among the families that have the same mutation and
also within a family. This suggests that there may be other
genetic modifiers that determine the clinical phenotype
(92). Patients who inherit this disorder in an autosomal
recessive fashion have mutations in both alleles of the
TR� gene. On the other hand, patients who inherit GRTH
in an autosomal dominant fashion have a wild-type allele,
as well as a mutant allele for the receptor. These mutations
are dominant negative in that the mutant receptors inhibit
the function of the normal �-receptor (from wild-type al-
lele) and the normal �-receptor (92). Recently, families
with GRTH have been identified that have neither TR�
nor TR� mutations (110). It has been proposed that ab-
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normal intracellular thyroid hormone transport, mutations
in thyroid hormone receptor cofactors, or dysregulation of
cofactor expression may be responsible for the GRTH
phenotype in these families. Thus far, no defects have
been identified in any of the several thyroid hormone co-
factor genes that have been studied in these patients (111).
To date, no germline TR�-1 mutants have been described
in humans (92). It is possible that TR�-1 mutations are
either lethal in utero, silent, and/or extremely rare.

Despite the elevated levels of circulating thyroid hor-
mones, most patients with GRTH are clinically euthyroid.
Although symptoms and signs of hypo- or hyperthyroid-
ism are generally absent, a few patients have been re-
ported with retarded bone age, mental retardation, stunted
growth, and hearing defects (112). Persistent tachycardia,
tremor, anxiety, and hyperactivity have likewise been ob-
served in some patients (113). These findings suggest that
the degree of resistance to thyroid hormone may not be
the same in all tissues.

The diagnosis of GRTH requires elevated serum lev-
els of T4 and free T4. Serum T3 and reverse T3 levels are
also elevated. The TBG level is normal and the resin T3

uptake is elevated. As mentioned above, serum TSH is
always detectable, and the TSH response is either normal
or exaggerated (89). The radioiodine uptake is increased.
Laboratory tests of metabolic status such as basal meta-
bolic rate, serum cholesterol and triglycerides, and caro-
tene are usually normal. Most patients with GRTH require
no treatment, but resistance to thyroid hormone may vary
from tissue to tissue. Some patients may benefit from
treatment with pharmacological dosages of T4 or T3; this
is especially true in cases where the peripheral tissues are
more resistant than the pituitary thyrotrophs. Affected
children should be monitored closely for growth decel-
eration, delayed bone maturation, and impaired mental de-
velopment. Thyroid hormone treatment should be insti-
tuted as necessary. Any therapeutic maneuvers that may
reduce the elevated circulating thyroid hormone levels are
contraindicated in patients with GRTH and should be
avoided.

Peripheral conversion of T4 to T3 occurs through the
activity of 5�-deiodinase. A variety of pathophysiological
conditions and pharmacological agents have been associ-
ated with impaired T4 to T3 conversion. The clinical syn-
drome of type I iodothyronine-deiodinase deficiency has
been reported but appears to be extremely rare (114). The
reported patient was clinically euthyroid and had elevated
serum levels of T4 and reverse T3, along with normal se-
rum T3 and TSH levels (115).

Alterations in serum thyroid hormone levels often ac-
company nonthyroidal illnesses. Although the T4 level is
typically low or normal, on occasion it may be elevated.
The euthyroid sick or nonthyroidal illness syndrome is
discussed in Chapter 15. Various drugs have been found
to cause an elevation of serum T4 levels in adults, but the
majority of these agents are not commonly used in chil-

dren and adolescents. Examples include amiodarone, pro-
pranolol, heparin, oral cholecystographic agents, and am-
phetamines.

Elevated serum T4 levels are sometimes seen in clin-
ically euthyroid children who are receiving replacement
or suppressive therapy with L-T4. In these children the
serum T3 level is normal. The mechanism responsible for
normal T3 levels despite increased T4 concentrations has
not been completely defined, but may be explained by the
fact that 5�-deiodinase activity in peripheral tissues ap-
pears to be autoregulated by the levels of circulating T4.
Thus, as the serum T4 concentration increases from low
to elevated levels, the peripheral generation of T3 from T4

decreases, as reflected in the steady decline in the serum
T3/T4 ratio (102). Therefore, in patients receiving L-T4

therapy, the serum T3 level is better than the serum T4

level as an indicator of metabolic status.
Mild elevations in serum T4 levels are observed in

about 20% of patients hospitalized for acute psychiatric
disorders (116). This situation is most commonly ob-
served in patients with mania, schizophrenia, and other
major affective disorders, but is also occasionally seen in
patients with alcoholism or personality disorder. Both total
and free T4 levels are elevated, and, in an occasional pa-
tient, serum T3 is also mildly elevated (116). The serum
TSH is usually normal to mildly increased at baseline, and
this finding helps to differentiate this condition from the
most common forms of thyrotoxicosis. Often, the TSH
response to TRH is blunted. These biochemical findings
do not appear to represent thyrotoxicosis, and they usually
resolve spontaneously within a few weeks without specific
therapy. It has been proposed that a decrease in central
nervous system (CNS) dopaminergic inhibition results in
activation of the hypothalamic–pituitary axis with en-
hanced TSH secretion and consequent elevations in serum
T4 levels (117).

IX. T3 AND T4 TOXICOSIS

Increased serum concentrations of both T4 and T3 are ob-
served in the majority of children presenting with hyper-
thyroidism. However, some thyrotoxic children may pre-
sent with an increased serum T3 concentration but a
normal or occasionally low serum T4 concentration (i.e.,
T3 toxicosis), while others may present with an elevated
serum T4 concentration and a normal or slightly decreased
T3 level (i.e., T4 toxicosis). Just as in the usual presenta-
tion of thyrotoxicosis, the serum TSH level is suppressed
in both these situations.

T3 toxicosis can occur in the course of any disorder
that causes hyperthyroidism. Most patients have eleva-
tions in both total and free T3 concentrations, but some
will present with elevated free T3 levels while total T3

levels are still within the normal range (118, 119). During
childhood, T3 toxicosis is most often encountered early in
the course of either initial or relapsing Graves’ disease or
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in association with an autonomous nodule. In these situ-
ations, T3 toxicosis reflects a predominant hypersecretion
of T3 by the thyroid gland, rather than an increase in the
peripheral conversion of T4 to T3 (120). If left untreated,
some patients with T3 toxicosis due to true hyperthyroid-
ism, over time, will develop elevated serum concentra-
tions of both T3 and T4. T3 toxicosis is also seen in thy-
rotoxicosis factitia related to ingestion of liothyronine
(L-T3).

T4 toxicosis occurs in two circumstances: iodine-in-
duced thyrotoxicosis and thyrotoxicosis accompanied by
severe intercurrent illness. With iodine-induced thyrotox-
icosis, about one-third of patients have elevated serum T4

but normal serum T3 levels, and the remainder have pro-
portionate elevations of serum T3 and T4 levels (120). In
severe illness, peripheral conversion of T4 to T3 is im-
paired because of marked reductions in 5�-deiodinase ac-
tivity. This accounts for the normal or low serum T3 levels
in the presence of abnormally elevated serum T4 levels.
Furthermore, serum reverse T3 (rT3) levels are also in-
creased because of the impaired 5�-deiodinase activity.
With resolution of the intercurrent illness, 5�-deiodinase
activity normalizes with subsequent declines in serum rT3

levels and increases of serum T3 levels into the thyrotoxic
range. On a clinical level, T4 toxicosis of this type needs
to be differentiated from the low serum T3/elevated serum
T4 levels occasionally observed in the euthyroid sick syn-
drome. The serum TSH level will be suppressed in T4

toxicosis, and it may also be very low or suppressed in
the euthyroid sick syndrome. Therefore, serum TSH mea-
surement may not be helpful initially in differentiating
between these two conditions.

X. GRAVES’ OPHTHALMOPATHY

Ophthalmic abnormalities are clinically evident in over
half of the children and adolescents with Graves’ disease.
In most of these patients, the signs and symptoms are
relatively mild and include lid lag, lid retraction, stare,
proptosis, conjunctival injection, chemosis, and periorbital
and eyelid edema. Less commonly, patients may complain
of eye discomfort, pain, or diplopia. Severe ophthal-
mopathy, associated with marked chemosis, severe prop-
tosis, periorbital ecchymosis, corneal ulceration, eye mus-
cle paralysis, and optic atrophy, is extremely rare during
childhood and adolescence. The clinical onset of eye dis-
ease usually coincides with that of thyroid dysfunction,
but it can precede or follow it by several months to years
(121).

Lid lag, lid retraction, and stare most commonly re-
sult directly from thyrotoxicosis with enhanced sympa-
thetic stimulation of Müller’s muscle of the upper lid.
These features can be found in patients with thyrotoxi-
cosis of any cause and generally improve with normali-
zation of thyroid hormone levels. The other signs and
symptoms, however, are characteristic of Graves’ ophthal-

mopathy and can be explained by the mechanical effects
of an increase in tissue volume within the bony orbit.
Histological examination reveals accumulation of glycos-
aminoglycans (GAGs) in the connective tissue compo-
nents of the orbital fat and muscles, as well as lympho-
cytic infiltration of the orbital tissues. The GAGs are
hydrophilic macromolecules produced by orbital fibro-
blasts, and their accumulation results in enlargement of
the extraocular muscles and surrounding fat (122). En-
largement of these tissues within the fixed space of the
bony orbit leads to forward displacement of the globe
(proptosis or exophthalmos). Chemosis and periorbital
edema result from decreased venous drainage from the
orbit and intraorbital inflammation. Extraocular muscle
dysfunction results from accumulation of GAGs, edema,
inflammation, and fibrosis of the endomysial connective
tissues investing the muscle fibers (122).

Although information regarding its pathogenesis is
limited, Graves’ ophthalmopathy (GO) is generally con-
sidered to represent an organ-specific autoimmune disor-
der. Current evidence supports the contention that orbital
fibroblasts are the primary targets of the autoimmune at-
tack (123). However, the nature of the autoimmune re-
action is unclear, and a target orbital autoantigen has not
been conclusively identified. The close association of GO
with autoimmune thyroid disease strongly suggests that
the orbital antigen(s) may share unique structural char-
acteristics with antigens of the thyroid gland. Recent stud-
ies support that two such candidate antigens, the TSH re-
ceptor (124) and thyroglobulin (125), are present in orbital
tissues from patients with GO. Therefore, it is possible
that either of these two proteins could be the primary tar-
get antigen in GO, thus providing a common link between
the thyroid and eye diseases. Because the TSH receptor
is the primary target antigen in Graves’ hyperthyroidism,
most investigators currently consider it to be the leading
candidate target antigen in GO. Several human and animal
studies have provided compelling, although not yet defin-
itive, evidence (reviewed in 123, 126) to support this role
for the TSH receptor in GO. However, more studies are
needed to determine which, if either, of these two proteins
is the target autoantigen in GO. Thus far, thyroid perox-
idase has not been detected in orbital tissues (121).

Cell-mediated immunity appears to play a major role
in the pathogenesis of GO. The extraocular muscles and
orbital connective tissues are infiltrated by lymphocytes
and macrophages. The lymphocytes are predominantly
CD4� and CD8� T cells with a few B cells. Regardless
of the target antigen that causes the lymphocytic infiltra-
tion, the proximal events in the pathogenesis of GO ap-
pear to be cytokine-mediated activation of orbital fibro-
blasts, secretion of GAGs by these cells, and ultimately,
fibrosis. Immunohistochemical studies have demonstrated
the presence of the cytokines, interferon-gamma (IFN-�),
tumor necrosis factor-� (TNF-�), and interleukin-1� (IL-
1�), in the cytoplasm of orbital-infiltrating mononuclear
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Table 5 Classification of Thyrotoxicosis by
Radioiodine Uptake (RAI-U)

RAI-U usually elevated:
Graves’ disease
Toxic adenoma
Toxic multinodular goiter
Familial nonautoimmune hyperthyroidism
TSH-induced hyperthyroidism
Trophoblastic disease

RAI-U typically low:
Subacute thyroiditis
Toxic thyroiditis of Hashimoto’s disease
Thyrotoxicosis factitia
Iodine-induced hyperthyroidism
Metastatic thyroid carcinoma

cells and in adjacent orbital connective tissue from pa-
tients with early active GO (127). These findings support
that T cells and antigen-presenting cells within these tis-
sues are activated. Because transplacental passage of ma-
ternal thyroid-stimulating antibodies does not appear to
cause infiltrative ophthalmopathy in neonates, and the
presence of antibodies to orbital antigens is inconsistently
related to eye disease, humoral autoimmunity appears to
play at most a secondary role in the pathogenesis of GO
(11).

Because ophthalmopathy is relatively mild and self-
limited in the vast majority of affected children and ad-
olescents, specific treatment is usually not necessary. In
general, eye findings improve in association with control
of the hyperthyroidism. Occasionally, local measures may
be used to treat symptoms. For example, eye drop or oint-
ment preparations containing methylcellulose may be nec-
essary to prevent corneal drying. Sleeping with the head
elevated may help to reduce chemosis and periorbital
edema. Other forms of treatment, such as oral corticoste-
roids, orbital irradiation, and surgical decompression, are
rarely indicated in children and should be reserved for
those with severe ophthalmopathy.

XI. LABORATORY EVALUATION

The laboratory evaluation of thyrotoxicosis should be
guided by the patient’s clinical presentation as determined
by the medical history and physical examination. In all
causes of thyrotoxicosis, except for TSH-induced hyper-
thyroidism, the serum TSH level will be undetectable or
very suppressed using modern second- or third- genera-
tion TSH assays. For the child or adolescent presenting
with obvious signs and symptoms of Graves’ disease, in-
cluding a soft, diffusely enlarged, smooth goiter and prop-
tosis, only a few laboratory tests are needed. In addition
to the undetectable serum TSH, an elevated free T4 (or
free T4 index) and the presence of TSHrAb (either TBII
or TSI) substantiate the clinical diagnosis. When antithy-
roid drugs are selected as therapy, a baseline complete
blood cell count with differential white blood count
should be obtained: leukopenia occurs in untreated thy-
rotoxicosis and granulocytopenia is an occasional toxic
reaction to antithyroid drugs.

In less severe presentations, however, further labo-
ratory tests may be necessary. Serum T3 levels will be
elevated in nearly all patients with Graves’ disease. Mea-
surement of serum total and/or free T3 levels can be useful
in the occasional patient with early Graves’ disease who
presents with an undetectable TSH but a normal serum
free T4 level.

For the patient who presents with symptoms of thy-
rotoxicosis and a firm, mildly tender, asymmetric goiter,
the radioiodine uptake (RAI-U; Table 5) can differentiate
Graves’ disease from either the toxic thyroiditis of Hash-
imoto’s disease or subacute thyroiditis (128, 129). Fur-

thermore, the RAI-U also can help to differentiate Graves’
disease from thyrotoxicosis factitia.

Graves’ disease is the most common cause of thyro-
toxicosis during pregnancy (4). However in the pregnant
adolescent with mild symptoms of thyrotoxicosis and a
normal to slightly enlarged thyroid gland, the possibility
of hCG-mediated hyperthyroidism should be considered.
Biochemical and clinical hyperthyroidism can occur when
serum hCG levels exceed 100,000–300,000 IU/l (4).

TSHrAb and autoantibodies to thyroglobulin and/or
thyroid peroxidase are present in the majority of patients
with Graves’ disease and reflect the autoimmune nature
of the disorder. However, none of these autoantibodies is
specific to Graves’ disease. Although almost all hyperthy-
roid patients with serum TSHrAb will have Graves’ dis-
ease, these antibodies also can be detected in patients with
Hashimoto’s thyroiditis (27, 46, 47) and in patients with
subacute thyroiditis (130). Thyroglobulin and/or thyroid
peroxidase antibodies are present in the majority of pa-
tients with Hashimoto’s thyroiditis (131) and have been
reported in several patients with subacute thyroiditis (130,
132) and a few patients with familial nonautoimmune hy-
perthyroidism (88). Therefore, by themselves, none of
these antibodies should be considered as absolute proof
of Graves’ disease in patients with thyrotoxicosis.

Several studies have suggested that the recently
cloned and characterized Na�/I� symporter (NIS) may
represent an important autoantigen in Graves’ disease
(133). Although earlier studies (based on relatively small
sample sizes) suggested that NIS autoantibodies might be
present in up to 60–80% of Graves’ sera (133), a more
recent study evaluating 177 Graves’ sera found these an-
tibodies in only 5–10% of the samples (134). Further-
more, NIS antibodies also are present in 15–20% of sera
from patients with Hashimoto’s thyroiditis (133, 134). At
present, the functional roles, if any, that these antibodies
play in either Graves’ disease or Hashimoto’s disease re-
main unclear. Although assays are not yet available for
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Table 6 Toxic Side Effects of Antithyroid Drug Therapy

Elevated liver enzymes
Granulocytopenia
Dermatitis, urticaria
Arthralgia, arthritis
Lupus-like syndrome
Lymphadenopathy
Peripheral neuritis
Fever
Hepatitis

Nausea, abdominal discomfort
Edema
Conjunctivitis
Thrombocytopenia
Hypoprothrombinemia
Toxic psychosis
Sensorineural hearing loss
Loss of taste sensation
Disseminated intravascular

coagulation

routine clinical use, based on current data, the measure-
ment of NIS antibodies does not appear to offer any ad-
ditional diagnostic benefit for patients with Graves’ dis-
ease.

More detailed discussions of clinical features and lab-
oratory studies that can be used to evaluate patients with
other causes of thyrotoxicosis and to differentiate these
disorders from Graves’ disease are presented in the ap-
propriate subsections of this chapter.

XII. PROGNOSIS AND TREATMENT

A. Introduction and Overview

The clinical course of Graves’ disease is variable and un-
predictable. However, the hyperthyroidism in untreated
Graves’ disease usually persists and progresses unless the
thyroid gland has limited responsiveness as a result of
coexisting chronic lymphocytic thyroiditis. Therefore,
therapeutic intervention is recommended for all patients
with active Graves’ disease. Despite recent advances in
our knowledge of the TSH receptor and TSHrAbs, none
of the currently available treatments is specifically di-
rected against the underlying immunological abnormality
that causes Graves’ disease. The three acceptable methods
of therapy (antithyroid drugs, radioiodine ablation, and
subtotal/total thyroidectomy) merely interrupt the disease
process at the level of the thyroid gland, although treat-
ment with thioureas has been reported to reduce levels of
TSHrAb (135).

The treatment of Graves’ disease in children and ad-
olescents remains controversial. Although all three thera-
peutic modalities represent effective treatments for
Graves’ hyperthyroidism, each has specific advantages
and disadvantages that should be addressed when individ-
ual treatment plans are developed for affected individuals.
The antithyroid drugs are generally well tolerated, their
inhibitory effects on the thyroid are completely reversible,
and some patients treated with them will achieve long-
term or permanent remission (136). Therefore, antithyroid
drug treatment will allow some children to avoid surgery
or exposure to radioiodine. However, antithyroid drugs
usually take 4–8 weeks initially to control hyperthyroid-
ism, and a treatment period of several years is typically
required to achieve a long-term remission. During this
prolonged treatment period, noncompliance and drug tox-
icity (Table 6) can complicate patient management. Fur-
thermore, relapse of hyperthyroidism frequently occurs
following discontinuation of therapy (136). As yet, no re-
liable clinical, biochemical, immunological or genetic fac-
tors have been identified that allow absolute prediction of
those patients likely to do well, or poorly, in achieving
long-term remission with antithyroid drug therapy (137).

Radioiodine (RAI) represents the easiest form of
treatment, and the majority of patients can be successfully
treated with a single oral dose (136). However, RAI ther-

apy is absolutely contraindicated during pregnancy and
breastfeeding (137). Although hospitalization is not re-
quired, patients receiving RAI are usually advised to limit
close contact with others and properly dispose of their
urine for several days following treatment. RAI therapy
is also slow to control hyperthyroidism; it usually takes
6–18 weeks to have its full effects on the thyroid. Some
patients may require multiple doses of RAI to treat their
disease adequately. Although RAI is generally well tol-
erated, radiation thyroiditis may occur. This is character-
ized by a transient increase in serum thyroid hormone lev-
els with, occasionally, a worsening of hyperthyroid
symptoms and thyroid gland tenderness. With ablative
dosages, the thyroid gland will shrink and hypothyroidism
will occur in the majority of patients. In rare cases para-
thyroid dysfunction may develop after RAI therapy (138).
Concerns regarding the potential long-term carcinogenic
and genetic risks of RAI in children/adolescents continue
to linger (136).

Surgical therapy represents the most rapidly effective
form of treatment. Following at least 10–14 days of pre-
operative preparation with antithyroid drugs, stable iodine
(e.g., SSKI or Lugol’s solution), and �-adrenergic block-
ers, either subtotal or total thyroidectomy can be per-
formed. Both are complicated procedures, and the long-
term cure rates and the incidence of complications depend
in large part on the skill and experience of the surgeon.
Due to the continued reliance on antithyroid drugs and the
increasing acceptance of RAI as primary therapies for ju-
venile Graves’ disease, clinicians now infrequently rec-
ommend surgery for children with Graves’ disease. How-
ever, clinical indications for surgical therapy still exist.
These include the patient with a very large goiter; the
patient who fails to respond to medical treatment and re-
fuses RAI; the very young patient (i.e., <5 years old) who
fails to respond to medical management; the pregnant pa-
tient with moderate to severe hyperthyroidism uncon-
trolled by medical treatment; and the patient with Graves’
disease who develops a solid cold thyroid nodule that
raises the suspicion of thyroid carcinoma (11, 136–139).
Hypothyroidism occurs in 60–�100% of children under-
going subtotal and total thyroidectomy, respectively (136).
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Hyperthyroidism recurs in 10–15% of patients following
subtotal thyroidectomy, but in fewer than 3% of children
who undergo total thyroidectomy (136). Potential surgical
complications include pain, hemorrhage/hematoma, tran-
sient hypocalcemia, transient hoarseness, temporary tra-
cheostomy, permanent hypoparathyroidism, vocal cord
paralysis, keloid formation, and death (136).

Regardless of the modality ultimately used for the
treatment of Graves’ hyperthyroidism, patients will re-
quire long-term regular medical follow-up. Thyroid func-
tion studies will need to be monitored on a regular basis
to aid in maintenance of the euthyroid state. Patients will
need to be treated and/or observed for other associated
autoimmune disorders that may potentially accompany
Graves’ disease. Patients will also need to be monitored
for the potential occurrence of thyroid tumors and any
long-term consequences that may be associated with the
preceding treatment(s) for hyperthyroidism.

A recent study in adults showed that despite success-
ful treatment of Graves’ hyperthyroidism and a return to
the euthyroid state, some patients will continue to exhibit
symptoms of physical, emotional, and neuropsychological
illness (140). Anxiety, depression, lack of energy, sleep
disturbance, emotional lability, impaired memory, and for-
getfulness are some of the difficulties experienced by pa-
tients who had remained euthyroid for more than a year
(140). Other studies have demonstrated cognitive deficits
in hyperthyroid adults in remission (141, 142). It has been
proposed that these impairments represent residual se-
quelae of elevated thyroid hormone levels on the brain
(140). Although similar studies involving children or ad-
olescents have not been published, it is highly likely that
some previously hyperthyroid children and adolescents,
despite a return to euthyroidism, also suffer from these or
similar problems. Therefore, as part of the regular medical
follow-up, previously hyperthyroid children and adoles-
cents should be monitored for behavioral, emotional, and
learning or other neuropsychological problems. Appropri-
ate counseling and support services should be offered as
necessary.

Discussions regarding specific treatments for other
causes of thyrotoxicosis are presented in the appropriate
subsections of this chapter.

B. �-Adrenergic Blocking Agents

From the preceding discussion, it is clear that each of the
currently acceptable treatment options carries a lag time
between the onset of therapy and the control of hyperthy-
roidism. This lag time ranges from as short as 10–14 days
for surgery to as long as several weeks to months for both
antithyroid drug and radioiodine treatments. �-Adrenergic
blockade with either propranolol or atenolol represents an
important and very effective adjunctive therapy for the
rapid control of adrenergic symptoms during the thyro-
toxic course of the disease. These drugs should not be
used alone for long-term management of hyperthyroidism

in children, because they do not significantly affect thy-
roid hormone secretion or correct the abnormal increases
in metabolic rate and oxygen consumption (143). How-
ever, both propranolol (10–20 mg every 6–8 h) and aten-
olol (25–50 mg once or twice daily) are effective in
controlling the distressing symptoms and signs of rest-
lessness, tachycardia, heat intolerance, tremor, hyperhid-
rosis, diarrhea, and myopathy. In addition, propranolol
(but not atenolol) reduces conversion of T4 to T3 by in-
hibiting the 5�-deiodination pathway, thus producing some
decrease in serum T3 levels (143). The dosages of these
medicines should be adjusted over time to return the pulse
rate to normal. �-Adrenergic blocking agents should be
avoided or used very cautiously in patients with a history
of asthma, hypoglycemia (including patients with insulin-
dependent diabetes mellitus), heart block, or heart failure
(144). Atenolol, in relatively small dosages, represents the
safer choice in hyperthyroid patients with a history of
asthma and hypoglycemia, because it is more cardioselec-
tive (i.e., �1-adrenergic receptor specific) than propranolol
(144). Neither drug should be discontinued abruptly, since
symptoms and signs of hyperthyroidism may acutely
worsen. Instead, the dosage should be decreased gradually
over several days before being stopped.

C. Antithyroid Drug Therapy

The antithyroid drugs for long-term therapy of children in
the United States include propylthiouracil (PTU) and
methimazole (MMI). In addition to these two agents, a
methimazole derivative, carbimazole, is available in Eu-
rope (145). These drugs block the incorporation of oxi-
dized iodide into tyrosine residues of thyroglobulin by
serving as substrates for thyroid peroxidase. The drugs are
iodinated and degraded within the gland, thus diverting
oxidized iodide away from thyroglobulin (146). Further-
more, they block the coupling of iodotyrosyl residues in
thyroglobulin to form T4 and T3. They do not interfere
with the thyroid gland’s ability to concentrate iodide, nor
do they block the release of stored thyroid hormone into
the circulation (146). Because they do not block the re-
lease of preformed, stored thyroid hormones, most pa-
tients will require 4–8 weeks of antithyroid drug therapy
before a euthyroid state is achieved. PTU, but not meth-
imazole or carbimazole, also inhibits the peripheral con-
version of T4 to T3 (146). Because of this, many clinicians
tend to use PTU initially in patients with more severe
hyperthyroidism.

In addition to their direct effects on thyroid hormone
synthesis, the thioureas also may have immunosuppres-
sive activity. Several investigators have reported signifi-
cant reductions in circulating TSHrAbs during antithyroid
drug treatment (135, 147). Some studies suggest that
thioureas have direct effects on thyroid autoantibody-pro-
ducing lymphocytes, whereas others suggest that these
drugs primarily act by reducing the antigenicity of thy-
rocytes (147).
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MMI has a longer half-life (12–16 h vs. 4–6 h), and,
on a weight basis, is about 10-fold more potent than PTU
(136). To control hyperthyroidism initially, PTU is given
every 6–8 h, whereas MMI can be given every 8–12 h;
after 3–4 weeks of therapy, dosing of MMI usually can
be changed to once or twice a day (136, 137). For patients
with moderate to severe hyperthyroidism, the recom-
mended starting dosages for PTU and MMI are 5–10 mg/
kg/day and 0.5–1.0 mg/kg/day, respectively. In patients
with mild hyperthyroidism, lower dosages of antithyroid
drugs may be effective. Once clinical and biochemical eu-
thyroidism have been achieved, maintenance therapy may
proceed by either of two methods: reduce the dosage by
one-third to one-half to maintain thyroid hormone levels
in the normal range; or continue the initial therapeutic
dosage to induce hypothyroidism, and initiate replacement
L-thyroxine therapy. The latter method is preferred by
many clinicians for children because euthyroidism seems
easier to maintain, and it involves fewer clinic visits for
monitoring of thyroid function. Although a study from
Japan demonstrated that the combined use of antithyroid
drugs and L-thyroxine decreased the incidence of relapse
in adult patients (148), several recent studies from around
the world have been unable to reproduce this finding
(149–151).

After 1–3 years of therapy, the medication is either
slowly tapered or a T3 suppression of serum T4 using ex-
ogenous doses of oral T3 (1.5 �g/kg/day in three divided
doses) can be performed (46). The administration of ex-
ogenous T3 for 3 weeks to normal children or patients in
remission with Graves’ disease will cause a decrease in
the serum T4 concentration to values below the normal
range. The test is performed as follows:

1. While the patient is still receiving the antithyroid
drug, T3 is started at the dosage listed above. L-
thyroxine therapy must be discontinued in those
patients on combined therapy.

2. Three weeks later, serum T4 and free T4 levels
are evaluated.

a. If the results are normal or elevated, antithy-
roid drug therapy is continued.

b. If the results are below normal, discontinue
the antithyroid drug and exogenous T3 ther-
apy.

3. One or two weeks later, repeat the serum T4 val-
ues.

a. If normal or elevated, resume antithyroid
drug therapy.

b. If the serum T4 values are low, discontinue
T3 therapy and monitor serum T4 and T3 lev-
els at 3 month intervals for the next year and
annually thereafter. If relapse occurs, antithy-
roid therapy may be resumed, or the patient
may be offered the choice of surgical or ra-
dioiodine therapy (9).

In adults, the presence of TSHrAb during antithyroid
drug therapy may be associated with clinical relapse of
disease on termination of therapy (40). Studies have
shown that patients (adults and children) with negative
TSHrAb values during antithyroid drug therapy remain in
remission after cessation of therapy (46, 152). One study
in children with Graves’ disease compared TSHrAb values
and the clinical course with results of the T3 suppression
tests (46). TSHrAb values correctly predicted the subse-
quent clinical course in 72%, and the T3 suppression tests
accurately predicted the course in 64% of patients. Fur-
thermore, the TSHrAb values and the T3 suppression tests
were in agreement 75% of the time. This study suggests
that TSHrAb values are as effective as T3 suppression tests
in determining when antithyroid drug therapy can be dis-
continued. However, both tests are limited in their ability
to predict accurately the clinical course of the disease, and
patients will continue to require periodic clinical evalua-
tions and laboratory assessment after discontinuation of
antithyroid drug therapy.

The major disadvantages of antithyroid drug therapy
are prolonged duration of therapy required to achieve a
long-term remission, high relapse rate following cessation
of therapy, and the risk of toxic side effects (9, 136, 146).
In children, long-term remission rates are at best 50–60%
after several years of drug therapy and are usually less
than 20–40% (136, 153). Furthermore, remission rates
following antithyroid drug therapy are considerably less
in prepubertal than in pubertal children (154). A recent
study has demonstrated that the severity of hyperthyroid-
ism at diagnosis, as determined by multiple clinical and
laboratory variables, is important in predicting remission
within two years of therapy (155). Specifically, this study
found that within 2 years of treatment, patients with a
minimal/small goiter and a body mass index score above
�0.5 SD at time of initial diagnosis had a probability of
86% of achieving remission for at least 6 months, com-
pared with only 13% for those with a moderate/large
goiter and BMI below �0.5 SD (155). Other studies have
shown that high levels of TSI at the time of diagnosis are
associated with decreased long-term remission rates (156,
157). A recent study showed that elevated serum IgE lev-
els following 18 months of MMI therapy are associated
with lower rates of remission (158). Although none of
these factors can predict with absolute certainty which pa-
tients will achieve long-term remission with antithyroid
drugs, they may be helpful in selecting specific treatment
plans for individual patients.

Side effects of antithyroid drugs occur in up to 20–
30% of treated children and may be either idiosyncratic
or dose related (136). The majority of side effects are mild
and include elevated liver enzyme levels, mild leukopenia,
skin rashes, and mild gastrointestinal symptoms such as
nausea. In the case of mild side effects, complications may
resolve after switching to an alternative antithyroid drug.
Fortunately, more serious side effects are either uncom-
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mon or rare. When a patient reports any serious toxic
effect with antithyroid drugs, therapy must be stopped im-
mediately, and the patient should be evaluated. The oc-
currence of serious side effects necessitates discontinua-
tion of all antithyroid drugs, and an alternative mode of
therapy (i.e., radioiodine or surgery) must be selected for
subsequent treatment. Although very rare, the most seri-
ous complication of antithyroid drug treatment is agran-
ulocytosis. Patients should have a complete blood count
performed if sore throat, fever, or mouth ulcers occur.
Treatment of agranulocytosis consists of complete discon-
tinuation of the antithyroid drug, hospitalization for mon-
itoring, and treatment with a broad-spectrum antibiotic
(11). A recent randomized trial in adults found no benefit
of granulocyte colony-stimulating factor (159). Another
rare complication is drug-induced hepatitis; cholestatic
hepatitis is typically associated with MMI use, whereas
cytotoxic hepatitis tends to occur with PTU. In either case,
antithyroid drugs must be stopped immediately, and ad-
ministration of glucocorticoids may hasten recovery
(136).

D. Radioiodine Therapy

Although still controversial, RAI therapy is becoming
more acceptable for the treatment of juvenile Graves’ dis-
ease as long-term experience with its use accumulates
(136, 139, 149, 160, 161). RAI is administered as an oral
solution or capsule containing Na 131I. After absorption
through the gastrointestinal tract, it is concentrated into
the thyroid gland and organified. �-Emissions from the
131I result in extensive tissue damage; histological findings
after RAI therapy are consistent with acute inflammation
and include epithelial swelling and necrosis, edema, and
leukocyte infiltration (136). Within 4–10 days after RAI
administration, serum levels of thyroid hormones may rise
as a result of thyroid hormone release from degenerating
follicular cells (162). The acute inflammatory phase is
subsequently followed by extensive fibrosis and ablation
of the thyroid gland within 6–18 weeks (145).

RAI may be used as either first- or second-line ther-
apy in children/adolescents with Graves’ disease. Because
RAI is absolutely contraindicated during pregnancy, a
pregnancy test must be obtained in the adolescent before
proceeding with RAI therapy. The authors consider RAI
therapy to represent a definitive method for control of
Graves’ hyperthyroidism, and, therefore, recommend that
it be used in ablative dosages. When used as first-line
therapy in patients with mild to moderate hyperthyroid-
ism, a preceding course of antithyroid drugs is generally
not necessary. �-Adrenergic-blocking agents can be used
both before and after RAI administration to relieve thy-
rotoxic symptoms until the gland has been ablated. How-
ever, for the patient with severe hyperthyroidism, some
clinicians recommend a 4–8 week course of antithyroid
drugs to reduce the severity of hyperthyroidism before
RAI is administered (11). In these patients, and in those

who have been receiving antithyroid drugs as first-line
therapy prior to RAI ablation, the antithyroid drugs should
be stopped at least 4–7 days before RAI is administered
(136, 139).

Prior treatment with PTU, even when discontinued
for several days before RAI dosing, reduces the effective-
ness of RAI therapy (163); this should be considered
when determining the therapeutic dosage of RAI (163).
Conversely, MMI appears to have very little or no effect
on the success of RAI therapy when discontinued at least
3–4 days prior to RAI dosing (163, 164). Again, �-ad-
renergic blocking agents are used both before and after
RAI administration to control symptoms of hyperthyroid-
ism. Occasionally after RAI therapy, thyrotoxic symptoms
cannot be adequately controlled with �-adrenergic block-
ers alone. In this situation, either antithyroid drugs or con-
centrated iodide solutions (SSKI or Lugol’s solution) may
be used until RAI takes effect (136). The use of a con-
centrated iodide solution (e.g., SSKI, 5–6 drops by mouth
daily) beginning 7 days after administration of RAI has
been shown to treat thyrotoxicosis effectively more rap-
idly than 131I alone without adversely affecting the out-
come of RAI therapy (165). A single ablative dose of RAI
(i.e., 150–200 �Ci 131I/g thyroid tissue) will successfully
treat hyperthyroidism in the majority of patients within
6–18 weeks (136, 145). Some patients will require more
than one dose of RAI to treat their hyperthyroidism. Re-
peat doses of RAI can be given at intervals of 2–6 months
if hyperthyroidism persists beyond the first treatment
(136).

Acute complications following RAI therapy are un-
common and tend to be mild. Radiation thyroiditis with
mild pain over the gland may occur within the first 3–5
days and can generally be relieved with nonsteroidal anti-
inflammatory agents. Symptoms of hyperthyroidism may
worsen temporarily during the first 2 weeks due to the
release of preformed thyroid hormones from degenerating
follicular cells. Typically, these symptoms can be con-
trolled with the �-adrenergic blocking drugs. In rare cases,
thyroid storm can occur after RAI treatment (62, 63, 136).

Although there is some concern in adult patients re-
garding progression of ophthalmopathy following RAI,
there is currently no evidence to support that RAI pro-
motes progression of eye disease in children (136, 139).
Current studies suggest that eye disease may worsen in
3–5% of children with Graves’ ophthalmopathy after
RAI. However, this rate of progression is very similar to
the rates observed in children undergoing either antithy-
roid drug or surgical therapy (136). Parathyroid dysfunc-
tion may occur in rare cases after RAI therapy (136, 138).
Up to 90% or more of patients who receive ablative doses
of RAI will eventually develop primary hypothyroidism
(136, 139). Thyroid function tests should be monitored
every 2–3 months after RAI, so that thyroid hormone
replacement can be started before the onset of clinical
symptoms.
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The reluctance of clinicians to recommend RAI as
first-line therapy has traditionally stemmed from the the-
oretical possibility of increased risk for subsequent thy-
roid tumors (both malignant and benign), other nonthyroid
malignancies, infertility, and genetic defects among prog-
eny (160). Patients with Graves’ disease have a higher
incidence of thyroid tumors than the general population
(136). However, Graves’ patients receiving RAI appear to
have lower rates of thyroid cancer than those receiving
long-term antithyroid drug therapy; this most likely is ex-
plained by the presence of more thyroid tissue in patients
treated with drugs than in those treated with RAI (136).
Currently available studies involving the long-term fol-
low-up (from <5 years to about 20 years) of �1000 chil-
dren and adolescents who received RAI therapy for hy-
perthyroidism have not revealed an increased risk of
thyroid malignancy (136). Although an increased inci-
dence of benign thyroid adenoma has been observed in
children treated with low-dosage RAI (50 �Ci 131I/g thy-
roid tissue) (166), the incidence of thyroid adenoma is not
increased when higher dosages (100–200 �Ci/g) are used
(166). There is currently no evidence for an increased risk
of leukemia. With the possible exception of a small in-
crease in the incidence of stomach cancer, there is cur-
rently no evidence for an increased risk of other nonthy-
roid malignancies in adults who have received RAI (136).
However, a comprehensive follow-up study of nonthyroid
cancer risks has not yet been performed for children
treated with RAI. There is no evidence for decreased fer-
tility in patients who have received RAI, and the incidence
of congenital anomalies among the offspring of patients
treated with RAI is not different from that observed in the
general population (136).

Based on current experience and knowledge, RAI
represents a convenient, effective, and apparently rela-
tively safe therapeutic option for childhood Graves’ dis-
ease. After considering that antithyroid drug therapy is
associated with disappointingly low long-term remission
rates despite prolonged therapy and relatively high rates
of adverse side effects, it is easy to understand why RAI
is becoming more acceptable for the treatment of child-
hood Graves’ disease. However, RAI is absolutely contra-
indicated during pregnancy and breastfeeding. 131I readily
crosses the placenta, and if administered to a pregnant
female after 10–12 weeks’ gestation, it will be concen-
trated by the fetal thyroid gland. This can result in ablation
of the fetal thyroid and subsequent fetal hypothyroidism
(139). RAI should probably be avoided in children less
than 5 years old because experience with RAI is currently
quite limited in this age group, and the risks of thyroid
cancer after external irradiation are highest in children less
than 5 years of age (136).
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I. INTRODUCTION

Thyromegaly, or goiter, is a common clinical disorder dur-
ing childhood and adolescence. Prospective studies in the
United States and Japan have shown that thyromegaly
may occur in up to 6% of school-aged children (1–3). A
child may present with either diffuse or nodular thyro-
megaly, and the enlargement can be either symmetrical or
asymmetrical. In 1960, the World Health Organization
(WHO) established criteria for determining goiter preva-
lence. According to these criteria, diffuse thyromegaly
was present in a child if the lateral lobes of the gland
were larger than the terminal phalanx of the child’s thumb
(4). In 1994, WHO revised and simplified its classification
criteria and defined goiter as any enlarged thyroid that is
palpable and/or visible (5). A nodular thyroid contains at
least one solid or cystic mass that has a consistency dif-
ferent from the remainder of the gland. Thyromegaly usu-
ally occurs during adolescence with a female to male pre-
dominance (6).

II. PATHOGENESIS

Enlargement of the thyroid gland may occur as a result
of stimulation, infiltration, and/or inflammation of the
gland (6) (Table 1). Stimulation of follicular cell growth,
either hyperplasia or hypertrophy, can be mediated by thy-
roid-stimulating hormone (TSH), various thyrotropin re-
ceptor antibodies (TSHrAb), and other growth factors (7–
10). Increased TSH secretion is usually the result of an
alteration in the production, release, or the metabolism of
the major thyroid hormones, T4 and T3. In rare cases, in-
creased TSH secretion results from a TSH-producing pi-
tuitary adenoma or from pituitary resistance to thyroid

hormone; in these conditions, the patient presents with
mild to moderate thyromegaly, normal to elevated serum
levels of TSH, and elevated serum levels of total and free
T4 and T3.

A variety of TSHrAbs have been identified in patients
with autoimmune thyroid disease, and some of these an-
tibodies stimulate both thyroid function and growth
through interaction with TSH receptors on the follicular
cell membrane (7–9). Several reports have provided evi-
dence for IgG antibodies, referred to as thyroid growth-
stimulating antibodies (TGAb), that may be found in sera
from patients with a variety of thyroid disorders, including
Graves’ disease, Hashimoto’s thyroiditis, sporadic non-
toxic (simple) goiter, and endemic goiter due to iodine
deficiency (10–14). It is assumed that these IgG bind to
either the TSH receptor or some other follicular cell mem-
brane structure to promote thyroid cell growth without
affecting thyroid cell function. However, other reports ei-
ther have failed to demonstrate the presence of TGAb in
patients with some of these thyroid disorders or have chal-
lenged the concept of specific IgG that bind to the TSH
receptor and stimulate cellular growth without affecting
thyroid cell function (13, 15, 16). Therefore, further stud-
ies will be required to define fully the specific nature of
these so-called TGAbs and their exact role in goitro-
genesis.

Infiltration of the thyroid gland may occur from a
neoplastic (i.e., adenoma or carcinoma) or a nonneoplastic
(i.e., cyst) process. During childhood, a thyroid neoplasm,
whether benign or malignant, usually presents as an iso-
lated nodule in the thyroid gland. In rare cases, thyro-
megaly is found in patients with histiocytosis X or lym-
phoma because of cellular infiltration of the gland (17).

Although a variety of infectious agents (bacterial, vi-
ral, fungal) can cause acute or subacute inflammation and
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Table 1 Pathogenesis of Thyromegaly

Stimulation
Thyrotropin

Inhibition of thyroidal hormonogenesis
Excessive hypothalamic and pituitary secretion

Thyrotropin receptor antibodies
Thyroid-stimulating antibodies
Thyroid growth-stimulating antibodies

Infiltration
Neoplasia

Adenoma
Carcinoma
Lymphoma
Histiocytosis

Nonneoplasia: cysts
Inflammation

Infection
Bacterial
Viral
Other pathogens

Noninfection: lymphocytic (autoimmune)

Table 2 Causes of Thyromegaly

Diffuse thyromegaly
Autoimmune (Hashimoto’s) thyroiditis
Thyrotoxicosis

Graves’ disease
Toxic thyroiditis
TSH-secreting pituitary adenoma
Pituitary resistance to thyroid hormone

Acute and subacute thyroiditis
Iodine deficiency
Goitrogen ingestion

Antithyroid drugs
Antithyroid agents and foods

Familial thyroid dyshormonogenesis
Idiopathic (simple) thyromegaly

Nodular thyromegaly
Autoimmune (Hashimoto’s) thyroiditis
Thyroid cyst
Thyroid tumors
Adenoma

Hyperfunctioning (hot): hyperthyroid or euthyroid
Nonfunctioning (cold)

Carcinoma
Other tumors

Nonthyroidal masses
Lymphadenopathy
Brachial cleft cyst
Thyroglossal duct cyst

enlargement of the thyroid gland, infectious thyroiditis
rarely occurs during childhood (6). However, Hashimoto’s
disease, the goitrous form of chronic autoimmune thy-
roiditis, is the most common cause of thyromegaly during
childhood in nonendemic goiter regions of the world (1–
3, 10). In this disease, lymphocytic infiltration of the thy-
roid may be diffuse and cause generalized enlargement of
one or both lobes, or may be localized and cause nodular
enlargement of the gland (6). The latter entity may be
difficult to differentiate from tumors of the thyroid gland.

Disorders associated with thyromegaly during child-
hood can be classified depending on whether thyromegaly
is diffuse or nodular (Table 2). Since the child initially
presents for evaluation based upon the physical exami-
nation of the thyroid gland, the differential diagnosis and
laboratory investigation should be considered according
to clinical symptoms and physical characteristics of the
gland and the surrounding structures in the neck.

III. AUTOIMMUNE THYROID DISEASE:
THYROIDITIS

A. Pathogenesis

Recent advances in immunology have led to a greater un-
derstanding of the basic abnormalities in the cellular and
humoral immune systems that result in autoimmune thy-
roid diseases. In patients with Graves’ disease the immune
defect results in the production of immunoglobulin G
(IgG) antibodies to the TSH receptor. These antibodies
bind to and stimulate the TSH receptor to cause an in-
crease in function and size of the thyroid gland. These
effects are responsible for the clinical findings of thyro-

toxicosis and goiter in patients with Graves’ disease (9).
The pathogenesis of Graves’ disease is discussed in detail
in Chapter 16.

In chronic lymphocytic thyroiditis, the autoimmune
process is believed to begin with activation of CD4�

(helper) T lymphocytes specific for thyroid antigens (18).
The mechanisms responsible for T-lymphocyte activation
remain unclear. One hypothesis, based on the immuno-
logical concept of molecular mimicry, proposes that in-
fection with a virus or bacterium that contains a protein
similar to a thyroid protein may lead to activation of thy-
roid-specific T cells (18). An alternative hypothesis states
that thyroid follicular cells present their own intracellular
proteins through major histocompatibility complex
(MHC) class II proteins to helper T cells (18). These
MHC class II proteins (human leukocyte antigen [HLA]-
DR, -DP, and -DQ) are required for antigen presentation
to CD4� T cells. Studies have demonstrated that thyroid
cells from patients with autoimmune thyroiditis, but not
normal cells, express MHC class II proteins (19). In ad-
dition, certain cytokine products of activated T cells, such
as interferon gamma, can induce the expression of MHC
class II molecules by thyroid cells (20). At present, there
is evidence to support each of these hypotheses. However,
neither appears to explain fully the mechanisms involved
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Table 3 Spectrum of Thyroid Function in Autoimmune Thyroid Diseases

Clinical thyroid function Free T4 T3 TSH
TSH response

to TRH

Primary hypothyroidism
Compensated hypothyroidism
Euthyroidism with decreased thyroid reserve
Goitrous and nongoitrous euthyroidism
Nonsuppressible euthyroidism
Thyrotoxicosis with limited thyroid reserve
Thyrotoxic phase of thyroiditis
T3 thyrotoxicosis
Thyrotoxicosis

Low
Normal
Normal
Normal
Normal
Mildly increased
Increased
Normal
Increased

Low or normal
Normal
Normal
Normal
Normal
Increased
Increased
Increased
Increased

Increased
Increased
Normal
Normal
Normal
Undetectable
Undetectable
Undetectable
Undetectable

Exaggerated
Exaggerated
Exaggerated
Normal
Blunted
Absent
Absent
Absent
Absent

in initial T-lymphocyte activation; further studies will be
required to define better the exact mechanisms involved.

Following activation, self-reactive CD4� T cells re-
cruit B lymphocytes as well as cytotoxic (CD8�) T lym-
phocytes into the thyroid gland. The B cells are stimulated
by activated helper T cells to produce and secrete anti-
bodies against various thyroid proteins. The three major
target antigens for thyroid antibodies are thyroglobulin,
thyroid peroxidase, and the TSH receptor.

Autoimmune destruction of thyroid follicular cells is
characteristic of Hashimoto’s thyroiditis. Current evidence
supports that thyroid cell destruction primarily occurs
through the process of apoptosis, or programmed cell
death (21–23). Cytotoxic T lymphocytes (CTL) mediate
thyroid cell destruction through two different mecha-
nisms: CD4� CTLs express so-called death ligands that
bind to death receptors on target cells, thereby activating
apoptotic pathways; and CD8� CTLs release exocytotic
granules that contain perforin (which perforates target cell
membranes) and Granzyme B (which directly initiates the
apoptosis cascade system at a postreceptor level) (21). Ac-
tivated CD4� CTLs have been shown to express func-
tionally the death ligands referred to as tumor necrosis
factor-� (TNF-�), Fas ligand (FasL), and TNF-related
apoptosis-inducing ligand (TRAIL) (21–23). Further-
more, the Fas and TRAIL apoptotic pathways are present
and functional in thyroid cells (21–23). In addition to
these cellular mechanisms, complement-fixing cytotoxic
antibodies and antibody dependent, cell-mediated cytotox-
icity involving natural killer cells may also contribute to
thyroid cell destruction (24). Although TSH receptor-
blocking antibodies and cytokines may contribute to thy-
roid cell dysfunction, autoimmune destruction of follicular
cells appears to be the primary cause of hypothyroidism
in Hashimoto’s thyroiditis (25).

Thyroid autoimmunity is familial. Up to 50% of the
first-degree relatives of patients with chronic autoimmune
thyroiditis have thyroid antibodies, apparently inherited as
a dominant trait (18). Clinical Hashimoto’s disease occurs
in up to 33% of siblings of affected patients (26). The

prevalence of clinical Hashimoto’s thyroiditis in the gen-
eral population ranges from 1 to 4% (18, 26). Therefore,
familial clustering of this disorder indicates that a signif-
icant genetic component exists in its origin. However, the
genetic predisposition appears to be complex, possibly
caused by a number of genes. At present, no conclusions
regarding the number of involved genes can be made. The
association of Hashimoto’s thyroiditis with Down and
Turner syndromes suggests that part of the genetic sus-
ceptibility to this disease may reside on chromosomes 21
and X (18, 26). Association studies have revealed weak
associations between Hashimoto’s thyroiditis and HLA
(e.g., DR3, DR4, DR5 and DQ7) and the cytotoxic T lym-
phocyte antigen 4 (CTLA-4) genes (18, 26). Although
these associations provide evidence that HLA and CTLA-
4 gene variations increase the risk for Hashimoto’s thy-
roiditis, they are not the sole determinants of the genetic
predisposition. Linkage analysis studies have identified
regions on chromosomes 6p (marker D6S257), 12q11–
12, and 13q32–34 that may represent susceptibility loci
for Hashimoto’s thyroiditis (26). More recently, strong ev-
idence has been reported showing that chromosome 8q24
represents a susceptibility gene for autoimmune thyroid
disease (27). This locus contains the thyroglobulin gene
and has been linked and associated with autoimmune thy-
roid disease. Therefore, polymorphisms in the thyroglob-
ulin gene may be involved in the causes of autoimmune
thyroid disease. Unlike other potential susceptibility loci
(e.g., CLTA-4) involved in immune regulation, thyroglob-
ulin is a thyroid-specific gene, and this may help to ex-
plain why the thyroid gland becomes the target of an au-
toimmune response (27). Further studies are needed to
confirm these preliminary findings and to identify other
susceptibility loci within the human genome.

Environmental factors also play a role in the devel-
opment of chronic autoimmune thyroiditis. Recent studies
have suggested that the prevalence of autoimmune thy-
roiditis in children has been increasing over the past 25–
30 years (28, 29). The reason(s) for this increasing prev-
alence remains unclear. Some have hypothesized that a
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decrease in exposure to infection in early life may play a
role (28). Excessive iodine intake also appears to be in-
volved. The prevalence of chronic autoimmune thyroiditis
is correlated with iodine intake, with the highest preva-
lences in the countries with the highest intake of iodine,
such as the United States and Japan (18). Furthermore,
iodine supplementation in areas of iodine deficiency in-
creases the prevalence of lymphocytic infiltration of the
thyroid threefold (30). An association has been reported
between feeding soy formulas to infants and the devel-
opment of autoimmune thyroid disease in later childhood
(31). The potential role(s) that other chemicals and dietary
goitrogens may play in autoimmune thyroid disease re-
mains to be determined.

B. Chronic Lymphocytic Thyroiditis of
Childhood and Adolescence

1. Classification
The autoimmune-mediated mechanisms cause histological
changes in the thyroid that are the basis for the classifi-
cation of the disease during childhood. These mechanisms
result in the characteristic histological abnormalities of
lymphocytic infiltration and lymphoid follicles of juvenile
Hashimoto’s disease. However, the usual histological ap-
pearance during childhood and adolescence is follicular
cell hyperplasia and minimal fibrosis (6). The fibrous var-
iant of the disease is characterized by epithelial destruc-
tion and fibrosis (6).

2. Clinical Manifestations
Most patients with Hashimoto’s thyroiditis present with
an asymptomatic enlargement of the thyroid gland, but an
occasional patient may complain of pain or a sensation of
fullness in the area of the thyroid. Less often the disease
manifests clinically with deceleration of linear growth and
other clinical features associated with hypothyroidism
during childhood (see Chap. 15). In rare cases, the child
with thyroiditis presents initially with symptoms and signs
of thyrotoxicosis; this transient phase of thyrotoxicosis oc-
curs early in the course of autoimmune thyroiditis (toxic
thyroiditis) and presents as a mild disease without exoph-
thalmos. Whereas thyrotoxicosis of Graves’ disease results
from overproduction and secretion of thyroid hormones
due to TSHrAb stimulation of TSH receptors, the thyro-
toxicosis of toxic thyroiditis results from release of ex-
cessive amounts of preformed thyroid hormones due to
inflammatory destruction of thyroid follicular cells. These
two disorders may be difficult to differentiate based on
clinical criteria alone unless the exophthalmos of Graves’
disease is present, or thyroid-stimulating antibodies are
detected in serum.

On examination, the thyroid gland is either symmet-
rically or asymmetrically enlarged and usually nontender
and firm in consistency. The surface texture may be finely
granular (seedy) or discretely nodular (pebbly, crenated).

Lymphoid follicles may be palpable as single or multiple
nodules within one or both lobes of the gland. The gland
should move freely with swallowing and should not be
affixed to adjacent tissues. Nontender regional lymphad-
enopathy may be present (6).

Autoimmune thyroiditis frequently occurs in patients
with other autoimmune diseases, particularly insulin-de-
pendent diabetes mellitus (IDDM) (32, 33), but also Ad-
dison’s disease, alopecia, vitiligo, myasthenia gravis, ul-
cerative colitis, pernicious anemia and the collagen
vascular diseases (18, 34, 35). Chronic urticaria with or
without angioedema (CUA) and Hashimoto’s encephalop-
athy (HE) represent two additional presumed autoimmune
conditions associated with chronic autoimmune thyroiditis
(36–38). The majority of reported patients have had
Hashimoto’s thyroiditis, but both conditions can also oc-
cur in association with Graves’ disease (39, 40). Both rep-
resent potentially life-threatening illnesses that can occur
in adults and children. The pathogenic mechanisms link-
ing these disorders to autoimmune thyroid disease remain
unclear. Abnormal thyroid hormone levels do not account
for either condition. Although some reported patients have
had either hypo- or hyperthyroidism, the majority of af-
fected individuals have been euthyroid. Usually these con-
ditions occur in patients with existing serological or clin-
ical evidence of autoimmune thyroid disease. However, a
few patients have been described in whom thyroid anti-
body levels were negative at initial presentation, but then
became positive several months to a few years later (39,
41). Both conditions exhibit a strong female to male pre-
ponderance.

Urticaria is a well-demarcated skin reaction charac-
terized by edema involving the superficial portion of the
dermis (42). Lesions are raised and erythematous and usu-
ally pruritic. Angioedema differs from urticaria in that the
edematous process is located in the deep dermis and sub-
cutaneous or submucosal tissues (42). Lesions tend to be
more painful than pruritic. The involvement of the upper
respiratory tract may result in severe and sometimes fatal
complications. Chronic urticaria, defined as recurrent ep-
isodes of hives with or without angioedema of at least 6
weeks duration, is a relatively common disorder for which
the cause is rarely determined (36).

Clinical studies have demonstrated that 10–15% of
patients with idiopathic CUA have serological and/or clin-
ical evidence of autoimmune thyroid disease (36, 37).
These patients have been as young as 8 years old (range,
8–72 years), and 80–90% have been female (36, 37).
Almost all patients have had elevated levels of thyroid
antibodies at presentation; thyroid peroxidase or micro-
somal antibodies have been detected more commonly than
thyroglobulin antibodies. Current evidence supports the
finding that thyroid antibodies are not directly responsible
for the skin lesions, since their levels do not correlate with
disease activity (43). The antibodies are most likely to
serve as evidence for the underlying autoimmune process
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in the affected patient. In some cases, L-thyroxine treat-
ment in hypo- or euthyroid patients with autoimmune thy-
roiditis and refractory idiopathic CUA has resulted in full
remission or marked improvement of CUA (36, 43, 44).

A recent study comparing two distinct groups of pa-
tients with CU, one group with CU of known cause and
the other with idiopathic CU found the prevalence of el-
evated serum thyroid antibodies (33% vs. 23%, respec-
tively) and of clinical thyroid disease in seropositive pa-
tients (39% vs 42%, respectively) to be similar for the
groups (45). Therefore, it is recommended that thyroid
function and thyroid antibody tests be performed in all
patients with CUA. This will result in the diagnosis of
existing or potential thyroid disease in some patients and
will identify patients whose CUA may benefit from thy-
roid hormone therapy. Despite a euthyroid state, suppres-
sive L-thyroxine therapy should be considered in all pa-
tients with severe CUA and evidence of autoimmune
thyroid disease (43).

Hashimoto’s encephalopathy represents a progressive
or relapsing encephalopathy associated with autoimmune
thyroid disease. It is a rare, but also underdiagnosed, con-
dition (38). Since the diagnosis of autoimmune thyroid
disease may not be realized or suspected in affected pa-
tients at presentation, a high degree of suspicion is re-
quired to make the diagnosis of HE. Many of the reported
patients initially have been misdiagnosed as having a psy-
chiatric disorder, such as depression, anxiety, or psycho-
sis. HE should be considered and thyroid antibody levels
checked in children and adults exhibiting unexplained
neuropsychiatric deterioration. HE is a treatable form of
encephalopathy; therefore, timely diagnosis will allow for
appropriate intervention that can rapidly reverse clinical
symptoms and prevent additional morbidity resulting from
undiagnosed HE.

Most reported patients with HE have been adults, but
children as young as 9 years of age have been described
(46). Some 85–90% percent of reported patients have
been female (38, 47, 48). Although there is some symp-
tom overlap, two types of clinical presentation are ob-
served: a vasculitic type, involving stroke-like episodes
(e.g., hemiparesis, aphasia, and ataxia), and only mild
cognitive impairment; and a diffuse progressive type, with
insidious onset of dementia, seizures, hallucinations, psy-
chotic episodes, or lethargy and coma (38). Myoclonus,
tremors, and seizures may occur in both types (38). The
majority of reported children/adolescents have presented
with the diffuse progressive form, and most have had sei-
zures (48). Generalized tonic–clonic followed by complex
partial seizures, with or without secondary generalization,
are the most common types of seizures associated with
HE in children (48).

The pathogenesis of this encephalopathy remains un-
known. Abnormal thyroid function does not appear to be
responsible, since most reported patients have had normal
results of thyroid function studies at presentation (38).

Current evidence supports an autoimmune basis for the
disease, but the exact mechanism has not been deter-
mined. Some findings suggest an acute disseminated en-
cephalomyelitis, while others favor a cerebral angiitis (49,
50). Although the vast majority of patients have elevated
serum thyroid antibody levels at initial presentation, these
antibodies are unlikely to be the cause of encephalopathy.
There is no obvious correlation between the thyroid an-
tibody levels and the type or severity of clinical presen-
tation (38). The most likely explanation if that the thyroid
antibodies serve as markers of an underlying autoimmune
process.

No clinical, laboratory, or neuroimaging findings are
specific for HE; therefore, other more common causes of
encephalopathy (e.g., inflammatory, infectious, metabolic,
toxic, vascular, neoplastic, and paraneoplastic) first must
be considered and reasonably excluded (38). Elevated se-
rum thyroid antibody (thyroid peroxidase and/or thyro-
globulin antibodies) levels are necessary, but not suffi-
cient, for making the diagnosis. The erythrocyte
sedimentation rate may be mildly elevated. Cerebrospinal
fluid (CSF) protein levels are elevated in the majority of
patients, but CSF glucose levels are normal. A CSF mono-
nuclear pleocytosis and oligoclonal bands may be present.
Electroencephalography (EEG) is abnormal in more than
90% of cases (47). EEG findings can vary considerably
over the course of the illness, and abnormalities are max-
imal during episodes of encephalopathy. The typical EEG
shows generalized slowing or frontal rhythmic slowing
followed by triphasic waves and periodic sharp waves;
patients also can have focal temporal slowing (51, 52).
Following successful treatment, the EEG shows improve-
ment or normalizes (38). Neuroimaging studies are often
normal but can reveal nonspecific findings. Mild cerebral
atrophy and ventricular dilatation have been seen with CT.
Magnetic resonance imaging (MRI) abnormalities include
increased T2 signals in the subcortical region, and, occa-
sionally, more diffuse white matter abnormalities or a fo-
cal mesiotemporal abnormality may be seen (47, 52).

Most patients with HE respond dramatically to phar-
macological glucocorticoid therapy. Daily prednisone
therapy should be started at a high dosage (2–3 mg/kg/
day in 2–3 divided doses) for 1 month and maintained at
least at 1 mg/kg/day for another 2–4 months or until re-
mission of symptoms, and then tapered slowly (38). Rapid
improvement can occur over a few days, but the average
time from start of therapy to significant clinical improve-
ment is usually 4–6 weeks (38). Patients with hypothy-
roidism should also receive L-thyroxine replacement ther-
apy; the potential role of L-thyroxine therapy in clinically
euthyroid patients with HE is unknown. Although some
patients with HE have experienced improvement with L-
thyroxine treatment (50, 53), several case reports have
demonstrated that L-thyroxine therapy, by itself, usually
fails to correct the encephalopathy or prevent relapses
(38). Anticonvulsants should be used to control status epi-
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lepticus or recurrent episodes of myoclonus. Despite clin-
ical improvement, thyroid antibody levels may remain el-
evated. Serial EEGs and neuropsychological testing can
be used to monitor the response and length of therapy.
The prognosis of HE when treated appears to be good;
however, some children or adolescents may be left with
long-term sequelae (e.g., residual cognitive deficits, re-
current seizures, progressive brain atrophy) despite early
recognition and appropriate therapy (48).

3. Laboratory Evaluation
An elevated serum level of thyroid antibodies is the char-
acteristic abnormality that permits a presumptive diagno-
sis of Hashimoto’s thyroiditis. Thyroid peroxidase (for-
merly known as microsomal) and thyroglobulin antibodies
are the two generally available thyroid antibody tests. Au-
toantibodies against thyroid peroxidase and thyroglobulin
can be detected in 80–95% and in 30–60%, respectively,
of patients with Hashimoto’s thyroiditis (18, 54). Occa-
sionally, a child with Hashimoto’s thyroiditis will present
with low or absent titers of thyroid antibodies, but, on
repeat determinations 3–6 months later, the titers will be
distinctly abnormal. Transient elevations of thyroid anti-
bodies may occur during the course of other thyroid dis-
orders (e.g., subacute thyroiditis), so a positive titer may
not be indicative of chronic thyroiditis.

Although most children with autoimmune thyroiditis
are clinically euthyroid, serum levels of TSH should be
determined to exclude primary hypothyroidism. Addi-
tional studies may be needed for patients with an atypical
clinical presentation. For the child with mild symptoms
of hyperthyroidism, important initial tests include serum
T3 and TSHrAb determinations (6). In the child with hy-
perthyroidism, serum T3 should be elevated unless the pa-
tient either is severely ill or has experienced very poor
nutritional intake for several days prior to testing. Further
diagnostic tests are needed infrequently. The [123I]-iodide
uptake test can be used to differentiate toxic thyroiditis
from early Graves’ disease and other causes of hyperthy-
roidism (55).

Ultrasonographic features in children with Hashi-
moto’s thyroiditis are variable. In a recent report (56), the
most common finding was thyromegaly with an increase
in reflectivity compared to the adjacent muscle and wide-
spread coarse echopenic areas. Another frequently ob-
served pattern consists of an enlarged thyroid that is iso-
reflective to muscle and coarse echo-poor lesions. Nodular
areas larger than 5 mm in diameter are often observed and
some of the nodules have small echogenic centers. The
patchiness of the echo-poor regions tends to be a useful
sign when differentiating diseased glands from normal.
Another recent study found that reduced thyroid echoge-
nicity is a valid predictor of autoimmune thyroid disease
(both Hashimoto’s thyroiditis and Graves’ disease), with
corresponding positive and negative predictive values of
88% and 93% (57).

In the early stages of Hashimoto’s thyroiditis, the 24
h radioactive iodine uptake (RAIU) is typically normal or
mildly elevated (58). However, as the disease progresses
and more thyroid parenchyma are replaced by fibrous tis-
sue, the RAIU decreases (58). An abnormal release of
accumulated thyroidal [123I]-iodide following either oral or
intravenous administration of potassium perchlorate can
also be observed in adults and children with Hashimoto’s
thyroiditis (2, 59). This positive perchlorate discharge test
indicates a defect in the intrathyroidal oxidation of iodide
to iodine. This test usually is not required unless the pa-
tient has persistent clinical features of thyroiditis and neg-
ative thyroid antibodies on repeated determinations.

A thyroid biopsy in children with diffuse thyromegaly
very rarely is necessary unless coexisting malignancy of
the thyroid gland is suspected, such as in a child with
negative serum thyroid antibodies and an asymptomatic,
enlarging nonfunctional nodule within a diffusely en-
larged thyroid gland.

4. Clinical Course and Management

a. Toxic Thyroiditis. The rare patient who presents
with autoimmune toxic thyroiditis may gradually return to
a euthyroid state within 1–2 months or may experience
mild hypothyroidism before recovery. The duration of the
hypothyroid phase of toxic thyroiditis is variable; it may
last for a few weeks to several months or may be per-
manent. Patients who experience only mild symptoms
during the thyrotoxic phase usually require no treatment,
but low dosages of propranolol (10–20 mg three or four
times daily) can relieve symptoms in patients with more
severe thyrotoxicosis. Antithyroid drugs are not indicated
in the treatment of toxic thyroiditis. It is important to
monitor serum thyroid function tests during the recovery
phase of toxic thyroiditis. If hypothyroidism develops, the
child should be treated with L-thyroxine. Since this phase
usually is transient, the child can be given a trial off med-
ication after 3–6 months of treatment and reevaluated 4–
6 weeks later. If serum TSH levels are elevated, L-thy-
roxine replacement therapy should be resumed indefi-
nitely. However, if the child is clinically and biochemi-
cally euthyroid, he or she should be reassessed at 6–12
month intervals with serum TSH to monitor for hypothy-
roidism that may occur during the course of chronic lym-
phocytic thyroiditis.

b. Chronic Lymphocytic Thyroiditis. Autoimmune
thyroiditis is a dynamic disease. A study that examined
the natural history of thyroid abnormalities over a 20 year
period found that autoimmune thyroiditis persisted in ap-
proximately two-thirds (34 of 50), and apparently remitted
in 28%, of patients originally diagnosed during adoles-
cence (60). Of the 34 individuals with persistent disease,
17 (50%) had become hypothyroid over the 20 year in-
terval. For these reasons, clinical evaluation and assess-
ment of serum TSH values are advised at 6–12 month
intervals to follow the course of disease and to identify
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the development of hypothyroidism (6). Treatment with
L-thyroxine may lead to reduction in goiter size in both
euthyroid and hypothyroid patients (29). However, L-thy-
roxine treatment probably does not influence the long-
term progression of thyroiditis (60). Once hypothyroidism
occurs in a child with Hashimoto’s thyroiditis, it typically
is permanent and requires long-term treatment (29). Fur-
ther discussion of the management of primary hypothy-
roidism may be found in Chapter 15.

C. Autoimmune Thyrotoxicosis:
Graves’ Disease

For further review of Graves’ disease, see Chapter 16.

IV. ACUTE AND SUBACUTE THYROIDITIS

Acute thyroiditis, which is a rare disease, is easy to rec-
ognize but difficult to manage. In classic cases the child
presents with an acute onset of pain in the area of the
thyroid gland associated with fever, chills, dysphagia,
hoarseness, and sore throat. The onset is usually preceded
by an upper respiratory infection. On examination, the
skin over the thyroid may be warm and red, and there
may be regional lymphadenopathy. The thyroid is en-
larged (locally or diffusely) and extremely tender, and the
child resists efforts to extend the neck. Although the child
may appear ‘‘toxic’’ from the infections process, he or she
is not thyrotoxic. Laboratory investigation reveals leuko-
cytosis and an elevated erythrocyte sedimentation rate. Se-
rum thyroid function tests are usually normal at presen-
tation and remain normal throughout the course of the
disease. Antimicrobial therapy should be instituted
promptly once appropriate cultures are obtained. A variety
of aerobic and anaerobic organisms have been identified
on culture of thyroid aspirates (61), and a Gram’s stain of
the aspirate may help to determine initial antibiotic ther-
apy pending culture results. Serial ultrasonography of the
gland can be used to detect abscess formation, at which
time surgical intervention becomes indicated. Most of the
recently reported cases of acute thyroiditis have been as-
sociated with an internal fistulous tract between the left
pyriform sinus and the corresponding thyroid lobe (62,
63). Therefore, any child who presents with acute thy-
roiditis primarily involving the left lobe or who experi-
ences recurrent acute thyroiditis should undergo a barium
esophagram once he or she has recovered from the acute
infectious process. If a fistula is identified, operative ex-
cision of the entire epithelial tract and adjacent thyroid
tissue is essential to prevent recurrent thyroiditis and ab-
scess (63).

Subacute thyroiditis is also rare during childhood and
adolescence. The two major forms are subacute granulo-
matous thyroiditis (de Quervain’s thyroiditis) and sub-
acute lymphocytic thyroiditis (painless or silent thyroidi-
tis). Both of these conditions are most commonly seen in

women between 30 and 50 years of age (64). Subacute
granulomatous thyroiditis presumably results from a viral
infection of the thyroid gland; the patient often has a his-
tory of a recent upper respiratory infection. Mumps, Cox-
sackie, echo, Epstein-Barr, influenza, and adenovirus are
among the viruses implicated as causative (55, 64); there
is also an association with HLA-B35 (55). An affected
patient may have low-grade fever with flulike symptoms;
generally, the chief complaint is neck pain in the region
of the thyroid that may radiate to the jaws or ears. The
patient may be clinically euthyroid or have symptoms sug-
gestive of hyperthyroidism. The thyroid gland is usually
enlarged, quite firm or tense, and tender. Thyroid enlarge-
ment may be localized or diffuse, and tenderness varies
from mild to severe. The patient may resist efforts either
to extend the neck or palpate the thyroid gland. The eryth-
rocyte sedimentation rate (ESR) is characteristically ele-
vated, usually above 50 mm/h (55).

Subacute lymphocytic thyroiditis is considered an au-
toimmune thyroid disease. It may occur either sporadi-
cally or during the post-partum period. On pathological
examination it resembles Hashimoto’s thyroiditis, but
there is generally less lymphocytic infiltration and fibrosis.
Thyroid peroxidase antibodies can be detected in about
60% of patients, and TSHrAb (either blocking or stimu-
lating) can be found in about 20% of patients (55). Sub-
acute lymphocytic thyroiditis has been associated with
HLA-DR3 and HLA-DR5 (55). Some 50–60% of af-
fected patients present with symptoms of mild thyrotoxi-
cosis and a small, nontender goiter (55). The ESR tends
to be normal (64). In the early stages, this disorder may
be difficult to differentiate clinically from Graves’ disease.

The expected results of laboratory tests during the
early phase of these diseases include normal to elevated
levels of total and free T4 and T3, a normal or suppressed
TSH level, negative or low levels of thyroid antibodies,
and a low or absent uptake of radioactive iodine (55).

The clinical course of subacute thyroiditis is variable,
but it often progresses through three phases (toxic thy-
roiditis, euthyroid goiter, and mild hypothyroidism) before
the patient returns to normal thyroid function. The tran-
sient phase of hypothyroidism during recovery will vary
in length and severity. Although most will recover com-
pletely, between 5 and 10% of affected patients will re-
main permanently hypothyroid (64, 65). After recovery,
late recurrences are uncommon in patients with subacute
granulomatous thyroiditis, but it is not uncommon for the
painless variety to recur after months or even years (55).

Symptomatic therapy may be necessary during the
initial phase of the disease. This includes propranolol if
symptoms of hyperthyroidism are present, and therapeutic
dosages of salicylates or other nonsteroidal anti-inflam-
matory agents if local pain and tenderness of the thyroid
gland persist. Prednisone therapy is necessary infrequently
to control symptoms. Antithyroid drugs, which inhibit the
production of new thyroid hormone, are not indicated for



400 Dallas and Foley

the management of thyrotoxicosis in subacute thyroiditis,
because symptoms are caused by release of preformed
thyroid hormones from the damaged gland. Should hy-
pothyroidism eventually occur, the patient can be treated
with L-thyroxine (50–100 �g daily) for 3–6 months, after
which time the dosage can be discontinued. Thyroid func-
tion should be checked 4–6 weeks later; if the serum TSH
level is elevated, L-thyroxine therapy should be resumed
indefinitely.

V. IODINE DEFICIENCY

Iodine deficiency remains the most common cause of thy-
romegaly worldwide (66). Although iodine deficiency is
still prevalent in various regions of the Americas, Africa,
Europe, and Asia (66), it has been virtually eradicated in
the United States since the introduction of iodized salt in
the 1920s. Iodine deficiency can, however, occur in pa-
tients with chronic renal and nutritional diseases, or in
patients consuming iodine-deficient diets. The currently
recommended daily iodine intakes are 90 �g, 120 �g, and
150 �g for children �5 years old, 6–12 years old, and
>12 years old, respectively (66). A diagnosis of iodine
deficiency is supported if urinary iodine excretion is less
than 100 �g/l, with values <20 �g/l, 20–49 �g/l, and 50–
99 �g/l indicating severe, moderate, and mild iodine de-
ficiency, respectively (66).

Multiple nutritional and environmental influences
contribute to the prevalence and severity of iodine defi-
ciency disorders (IDD) in iodine-deficient areas. General
malnutrition, water-borne goitrogens (e.g., resorcinol and
polyhydroxyphenols), and a variety of goitrogenic foods
(e.g., millet, soy, and cassava) can aggravate goiter (67,
68). Deficiencies of selenium, vitamin A, or iron can mod-
ify thyroid hormone synthesis and/or metabolism, and
thereby contribute to goitrogenesis and limit the effec-
tiveness of iodine intervention programs (67).

VI. GOITROGENS

A variety of chemicals, drugs, and foods can interfere with
thyroid hormone synthesis, secretion, and/or metabolism.
This interference can lead to a reduction in serum thyroid
hormone levels followed by a compensatory increase in
TSH secretion and thyromegaly. Although chronic inges-
tion of these substances alone can lead to goiter formation,
patients with pre-existing thyroid disease or iodine defi-
ciency are more susceptible to the antithyroid effects of
these agents (69). Therefore, complete dietary and medi-
cation histories should be included in the clinical evalu-
ation of patients with thyromegaly.

Drugs that can interfere with thyroid gland function
include the thionamides (e.g., propylthiouracil, methima-
zole, and carbimazole), sulfonamides (e.g., sulfisoxazole
and sulfamethoxazole), and lithium. Both the thionamides
and sulfonamides inhibit the actions of thyroid peroxidase

(i.e., oxidation and organification of iodine and the cou-
pling of iodotyrosyl residues to form iodothyronines). The
sulfonamides are less potent than the thionamides, and, in
the dosages generally used in clinical practice, they have
little to no antithyroid effects (68). Lithium interferes with
thyroid function by inhibiting the release of thyroid hor-
mone (69).

Phenobarbital, phenytoin, carbamazepine, and rifam-
pin are examples of medications that induce hepatic
mixed-function oxygenases that increase the metabolic
clearance rate of T4 (69). These drugs have little effect on
the metabolic clearance of T3. As a result, serum T4 con-
centrations decrease, but serum T3 levels remain un-
changed or increase slightly. Basal serum TSH levels in-
crease slightly, but not significantly (69). Therefore, most
patients taking these drugs have no clinical signs of hy-
pothyroidism and have normal TSH levels. However, hy-
pothyroidism may occur or worsen in patients with un-
derlying primary thyroid disease who receive these
medications chronically (69).

Foods of the genus Brassica (e.g., cabbage, broccoli,
cauliflower, brussels sprouts, turnips) contain goitrin, a
naturally occurring thionamide compound (68). Cassava,
maize, and lima beans contain cyanoglucosides that, fol-
lowing ingestion, release cyanide (70). Cyanide is detox-
ified to thiocyanate, a powerful goitrogenic agent that in-
hibits thyroid iodide transport and the organification of
iodine (70). Millet and soybeans contain goitrogenic com-
pounds known as flavonoids (e.g., glycosides of apigenin
and luteolin) and isoflavonoids (e.g., genistein and daid-
zein), respectively (71). Although these compounds may
possess diverse antithyroid properties, their goitrogenic
activity is commonly expressed in terms of their ability
to inhibit thyroid peroxidase activity (71). In these terms,
apigenin and genistein are more potent than either meth-
imazole or PTU. In recent years, soy consumption and the
use of soy isoflavone supplements (also referred to as phy-
toestrogens) have increased due to the belief that isofla-
vones may be protective against a variety of hormone-
dependent diseases, including breast and prostate cancers
(71). It is important to recognize that these isoflavone
compounds are also present in infant soy formulas (71).
Studies have demonstrated a greater incidence of thyroid
antibodies in children who received soy formulas during
infancy than in children who were breastfed (72), as well
as an association between feeding soy formulas and the
development of autoimmune thyroid disease in later child-
hood (31).

VII. FAMILIAL THYROID
DYSHORMONOGENESIS

Inborn errors in thyroid hormone synthesis, secretion, or
recycling account for about 10–15% of all cases of per-
manent primary congenital hypothyroidism. The molecu-
lar mechanisms in most of these forms have been char-
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acterized; mutations of the individual genes encoding the
TSH receptor, the Gs� protein, the sodium/iodide sym-
porter, thyroid peroxidase, and thyroglobulin have all been
identified as causes of thyroid dyshormonogenesis (73,
74). Although the majority are inherited as autosomal re-
cessive disorders, some forms of resistance to TSH, not
linked to mutations of the TSH receptor, are inherited in
an autosomal dominant fashion (74). Except for mutations
in the TSH receptor–G-protein complex, these cases are
characterized clinically by the presence of goiter. How-
ever, the limited, but substantial, maternal to fetal transfer
of thyroid hormone is usually sufficient to protect the af-
fected fetus from mental retardation and goitrogenesis
(75). Therefore, these infants rarely show overt goiter at
birth. After birth, if these infants are not treated with thy-
roid hormone, goiter will develop in most because of the
thyroid growth-stimulating actions of TSH. In regions of
the world with screening programs for congenital hypo-
thyroidism, the vast majority of infants with thyroid
dyshormonogenesis will be identified in the newborn pe-
riod. However, for reasons that remain unclear, some pa-
tients with thyroid dyshormonogenesis can have both nor-
mal screening results (T4 and/or TSH) and normal
laboratory determinations for serum T4 and TSH in the
neonatal period, only to present months to years later with
marked goitrous hypothyroidism (76). Therefore, physi-
cians evaluating children, particularly those in families
with a history of thyroid dyshormonogenesis, need to be
aware that normal neonatal thyroid screening results do
not exclude the possibility that severe hypothyroidism will
occur later in infancy or childhood (76).

Pendred syndrome is an autosomal recessive disease
characterized by goiter and congenital sensorineural deaf-
ness. The disease gene has been mapped to chromosome
7q22-q31.1 and is named PDS (77, 78). The predicted
protein of this gene has been named pendrin and consists
of 780 amino acids (86 kD); pendrin is a transmembrane
glycoprotein containing 11 or 12 transmembrane domains
(77). It belongs to a family of proteins, all of which appear
to be anion transporters; pendrin has significant structural
homology with proteins known to function as sulfate
transporters (77). However, expression of pendrin in eu-
karyotic cells demonstrates that it does not transport sul-
fate but functions as a sodium-independent transporter of
chloride and iodide (77). PDS is highly expressed in the
thyroid and, to lesser extents, in fetal kidney, brain, and
cochlea (77, 78). Pendrin is localized exclusively at the
apical membrane of the thyroid cell; it has been hypoth-
esized that pendrin promotes the transport of iodide from
the cytoplasm to the colloid space, delivering iodide to
the thyroid peroxidase region involved in iodide organi-
fication (77). Although its role in the inner ear remains
obscure, pendrin may function as an anion transporter,
maintaining the appropriate ionic balance within the en-
dolymph of the inner ear, which is known to play a crucial
role in the hearing process (77).

The exact incidence of Pendred syndrome is not
known but has been estimated to be as high as 7.5–10:
100,000 individuals (78). It may account for about 10%
of cases of hereditary deafness and may be the most com-
mon form of syndromic deafness (78). Males and females
appear to be equally affected. More than 40 different PDS
mutations have been reported in either homozygosity or
compound heterozygosity in families with Pendred syn-
drome (77). Individuals with disease-causing mutations in
PDS can present with at least two distinct phenotypes.
Most commonly, individuals have a so-called classic Pen-
dred syndrome phenotype of sensorineural hearing loss
and goiter. Other affected individuals have sensorineural
hearing loss with inner ear malformations (e.g., Mondini
cochlea, enlargement of the vestibular aqueduct, altera-
tions of the membranous labyrinth, and enlargement of
the endolymphatic duct and sac) in the absence of goiter
(77). Although some authors have advocated that a Mon-
dini malformation of the cochlea (i.e., the two-and-a-half
turns of the cochlea are replaced by a single cavity in the
apical region due to an absence of the interscalar septum)
be included as an essential prerequisite to the diagnosis
(79), this defect is not specific for Pendred syndrome
and is not found in all patients (78). The hearing loss is
of moderate to severe degree, being more pronounced in
the higher frequencies. The deafness is thought to be con-
genital and is certainly prelingual in most cases (79). Ves-
tibular function may also be abnormal (77).

In classic cases the goiter appears in midchildhood,
but is often postpubertal, especially in affected boys (79).
There are rare reports of congenital goiter (79). The goiter
tends to be diffuse initially but may become nodular later.
An enlarged thyroid gland is present in 50–70% of pa-
tients with Pendred syndrome, and there is distinct in-
trafamilial variability in the presence and extent of goiter
among affected individuals (77). Goiter size can range
from marginal to marked enlargement (78, 79). The ma-
jority of affected individuals are clinically and biochem-
ically euthyroid, but both subclinical and overt hypothy-
roidism can occur (77–79). It has been postulated that
these phenotypic differences may be due to differences in
iodine intake (77). Whether a goiter is present or not, a
positive perchlorate discharge test is found in the majority
of patients with Pendred syndrome (77–79). This re-
flects the fact that disrupted transport of iodide by pendrin
results in decreased iodide flux into the colloid and pool-
ing of unbound iodide within thyrocyte cytoplasm (77).
However, PDS mutations have been found in some pa-
tients with sensorineural deafness without either goiters or
positive perchlorate discharge tests (78).

Further discussion regarding thyroid dyshormono-
genesis can be found in Chapter 14.

VIII. IDIOPATHIC GOITER

This form of goiter, also referred to as simple, colloid, or
nonspecific goiter, usually occurs in adolescent girls. The
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patient presents with an asymptomatic diffuse enlargement
of the thyroid and is clinically and biochemically euthy-
roid. The causes of simple goiter are incompletely under-
stood; the condition is generally believed to be multifac-
torial in origin. The patient’s history is negative for iodine
deficiency or known goitrogen ingestion. Tests for serum
thyroid antibodies are negative. A recent study involving
female twin pairs in Denmark supports that genetic factors
play a major causative role in some female populations,
but environmental factors are also of importance (80). The
genes that may represent susceptibility loci for simple
goiter have not yet been determined. A number of reports
have suggested that TGAbs may produce simple goiter in
40–70% of affected patients (10–12). Mutations in the
thyroglobulin gene have recently been identified as un-
common causes of simple goiter. Patients who carry either
a heterozygous point mutation within exon 10 or a mono-
allelic deletion in the 5� region of the thyroglobulin gene
have been described (81, 82). It has been proposed that
these heterozygous mutations lead to insufficient thyro-
globulin production. As a result, thyroid hormone produc-
tion is inadequate. Increased stimulation of the thyroid
gland by TSH might induce a higher level of transcription
from the normal allele and also cause thyroid enlargement.
In this way, euthyroidism can be maintained, but at the
expense of goiter development (82).

Longitudinal studies have shown that simple goiter
may regress over time (60, 83). A study that examined
the natural history of thyroid abnormalities over a 20 year
period found that simple goiter regressed in 60%, and per-
sisted in 20%, of patients originally diagnosed during
childhood (60). However, these longitudinal studies also
showed that 5–10% of children initially diagnosed with
simple goiter eventually showed clinical evidence of au-
toimmune thyroiditis (60, 83). Both hypo- and hyperthy-
roidism were also reported to occur in a few of the pa-
tients in these series (60, 83). Therefore, it seems likely
that some children diagnosed with simple goiter have
atypical or unrecognized autoimmune thyroid disease. For
this reason, children with simple goiter should be evalu-
ated at least annually, and the minimal laboratory evalu-
ation at these visits should include serum TSH and thyroid
antibody levels.

IX. NODULAR THYROMEGALY

Most children with a solitary thyroid nodule will present
with an asymptomatic neck mass discovered either by the
child (or his or her parent) or by the physician during a
physical examination. The nodule may be present either
in one of the lobes or in the isthmus of the gland. There
is an increase in frequency of thyroid nodules as age ad-
vances. For children and young adults, the reported prev-
alence rates for thyroid nodules are about 0.22% and 1.5–
2.2%, respectively (60).

Although a localized enlargement (i.e., nodule) of the
gland may be seen in patients with Hashimoto’s thyroiditis
or in idiopathic goiter, a mass in the thyroid must be eval-
uated to determine if it represents a benign or a malignant
lesion. To accomplish this, the evaluation of a child with
a thyroid nodule should begin with a thorough history and
physical examination. The history should inquire about
goitrogen exposure, prior irradiation to the head or neck,
and a family history of thyroid disease or malignancy. In
addition, symptoms of hypo- or hyperthyroidism should
be sought. The history should elucidate recent growth and
physical characteristics of the nodule; for example, a rap-
idly enlarging, painless firm, or hard nodule in an other-
wise normal thyroid gland is highly suggestive of a ma-
lignant process. Likewise, a rapidly enlarging mass in the
region of the thyroid associated with hoarseness and/or
dysphagia is suggestive of a malignant process. A history
of transient pain and tenderness in a nodule may be in-
dicative of an inflammatory process, hemorrhage into a
cyst, or a degenerating adenoma. Physical findings that
suggest a malignant lesion include a hard nodule, fixa-
tion of the thyroid to surrounding tissues, and regional
lymphadenopathy. A medullary thyroid carcinoma should
be suspected in the child with a thyroid nodule and phys-
ical features of multiple endocrine neoplasia IIb syndrome
(i.e., marfanoid body habitus, multiple mucosal neuromas,
and skeletal defects such as dorsal kyphosis, pectus ex-
cavatum, and pes cavus).

Most malignant lesions of the thyroid are carcinomas,
but other malignant tumors, such as lymphoma and sar-
coma, may occur. There are a number of benign lesions,
both thyroidal and nonthyroidal, which may present as a
thyroid nodule. Thyroidal lesions include cysts and pap-
illary or follicular adenomas. Nonthyroidal masses that
may appear to represent thyroid nodules include terato-
mas, branchial cleft and thyroglossal duct cysts, lymph
nodes, hemangiomas, lymphangiomas, and neurofibro-
mas. Hemiagenesis of the thyroid may also present as a
nodular goiter (84).

Although its occurrence is rare, an ectopic thyroid
gland can reside off the midline of the neck as far laterally
as the submandibular and carotid sheath region (85). Af-
fected patients may present during childhood with either
congenital or acquired primary hypothyroidism, or later
in life as clinically euthyroid individuals with an asymp-
tomatic or enlarging lateral neck mass (85–89). Because
so-called classic teaching dictates that any thyroid tissue
ectopically located in the lateral neck represents a lymph
node metastasis from a thyroid cancer (86–88), these lat-
ter patients often undergo extensive evaluation for sus-
pected thyroid malignancy. The ectopic thyroid gland can
also be mistaken for an abnormal submandibular gland
that is discovered to be thyroid tissue only after surgical
excision (86, 89). Lateral ectopic thyroid glands may oc-
cur in association with thyroid tissue in the normal pre-
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tracheal location (87) or with other midline ectopic thy-
roid tissue (e.g., lingual or sublingual glands) (86), or may
represent the only thyroid tissue in the body (86, 89).
Because the lateral ectopic gland may be the only func-
tional thyroid tissue in the body, it is important to realize
that surgical excision can lead to irreversible primary hy-
pothyroidism (86, 89). It is also important to recognize
that ectopic thyroid glands may undergo any pathological
change that can occur in a normal thyroid gland and may
be the site of colloid goiters, hyperthyroidism, adenomas,
or even carcinomas (89).

Laboratory evaluation in the child with a thyroid nod-
ule should include serum free T4, T3, TSH, and thyroid
antibody levels. These studies are obtained to establish the
diagnosis of hypothyroidism, most likely due to chronic
lymphocytic thyroiditis, or hyperthyroidism due to a hy-
perfunctioning nodule. The majority of hyperfunctioning
nodules are adenomas; hyperfunctioning thyroid carcino-
mas are exceedingly rare. High serum thyroid antibody
levels strongly suggest the presence of chronic lympho-
cytic thyroiditis. However, some patients originally as-
sumed to have chronic lymphocytic thyroiditis (based on
clinical and laboratory findings) as the cause of a thyroid
nodule later were found to have papillary thyroid cancer
(90). In addition, several studies have reported a signifi-
cant association between chronic lymphocytic thyroiditis
and thyroid cancers (especially papillary carcinoma) and
suggest an increased risk of thyroid cancer in patients with
chronic lymphocytic thyroiditis (91–93). Therefore, the
clinician must still consider the possibility of thyroid ma-
lignancy in patients with presumed autoimmune thyroid-
itis, especially if the gland contains a single dominant
nodule and/or there is associated firm cervical lymph-
adenopathy.

Important studies for the patient with a thyroid nodule
are those designed to determine its structure and consis-
tency: ultrasonography and the radionuclide (123I-iodide or
Technetium-99m) scan. Ultrasonography will rule out the
presence of thyroid anomalies (e.g., thyroid hemiagene-
sis), confirm that the clinically detected mass represents a
solitary thyroid nodule, and determine if the nodule is
solid or cystic. Almost all malignant thyroid tumors will
appear as a solid mass or a solid mass with a cystic com-
ponent (94). On the other hand, small cystic lesions (less
than 2 cm in diameter) without a solid component are
usually benign. The radionuclide scan will determine if
the nodule is functioning (warm or hot nodule) or non-
functioning (cold). Almost all malignant thyroid tumors
will appear as nonfunctioning masses, although hyper-
functioning thyroid carcinomas have been described in
children (95).

In adults, fine-needle aspiration (FNA) is currently
considered the most reliable diagnostic method in the clin-
ical evaluation of thyroid nodules (96). Recent studies
have shown that FNA is not only safe in children but is

a better diagnostic tool than either ultrasonography or ra-
dionuclide scanning in the evaluation of thyroid nodules
(97–99). However, proper use of FNA requires individ-
uals who are experienced in performing needle aspirations
and cytopathologists who are experienced in interpreting
FNA specimens. Even when these requirements are met,
false-negative results may be reported. Because of the
possibility of a false-negative result and the relatively high
incidence (�10–25%) in children of thyroid cancer in
nodules (90, 100), some authors have urged caution in the
use of FNA in children (90). Instead, they recommend
surgical biopsy of all solitary solid thyroid nodules or
goiters associated with lymphadenopathy (90). Surgical
biopsy without FNA has also been recommended for the
child with a thyroid nodule if there is a history of expo-
sure to ionizing radiation, family history of thyroid cancer,
or if clinical findings are suspicious of malignancy, such
as rapid growth of a firm nodule or if a large nodule (>1.5
cm) is present (100).

Further discussion of the evaluation, management,
and prognosis of thyroid nodules and thyroid malignan-
cies can be found in Chapter 18.

X. EVALUATION OF PATIENTS
WITH THYROMEGALY

Evaluation of the patient with thyromegaly (Table 4) de-
pends upon the initial history and results of an examina-
tion of the thyroid gland. The child with a symmetrical,
diffusely enlarged, smooth thyroid gland should be inves-
tigated for hyperthyroidism and primary hypothyroidism.
The determination of serum thyroid antibodies is impor-
tant to identify autoimmune thyroid disease. The serum
TSH level, determined with a second- or third-generation
assay method, is the most sensitive test for thyrotoxicosis.
Total and free T4 and T3 levels will be elevated in the
majority of patients. Only in the presence of mild, equiv-
ocal thyrotoxicosis of undetermined cause are additional
tests indicated. For the patient with a firm, irregular thy-
roid gland, the evaluation should be directed toward the
diagnosis of autoimmune thyroiditis by determining serum
thyroid antibodies and thyroid function.

Most children with autoimmune thyroiditis are clini-
cally and biochemically euthyroid. Although the patient
infrequently may present with toxic thyroiditis, the most
common abnormality of thyroid function in autoimmune
thyroiditis is hypothyroidism, which may develop any
time during the course of the disease and can be best
detected by the measurement of serum TSH every 6–12
months. When a serum TSH value is slightly elevated, a
second specimen should be tested, and, if elevated again,
the patient should be started on L-thyroxine therapy. Mild
primary hypothyroidism in patients with autoimmune thy-
roiditis may be transient or permanent, particularly if the
disease presents with toxic thyroiditis.
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Table 4 Evaluation of the Patient with Thyromegaly

Clinical presentation Causes Thyroid function tests Additional diagnostic tests

Diffuse, smooth sym-
metrical enlarge-
ment

Family history
Goitrogen and drug history
Serum thyroid antibodies
Serum TBII, TSAb, and TGAb

Serum T3 (thyrotoxicosis)
Serum T4 (hypo- and hy-

perthyroidism)
Serum free T4

Serum TSH (hypo- and
hyperthyroidism)

[123I]-iodide uptake at 4–6
and 24 h

TRH test
Perchlorate discharge
Urinary iodide excretion
Serum thyroglobulin

Firm, irregular en-
largement

Family history
Serum thyroid antibodies

Serum TSH (hypo- and
hyperthyroidism)

Serum T4 (hypo- and hy-
perthyroidism)

T3 (thyrotoxicosis)

[123I]-iodide uptake at 24 h
with image

Ultrasonography of neck
Perchlorate discharge

Thyroid nodule Radiation exposure
Ultrasonography of neck
Thyroid image with [123I]-io-

dide or Technetium-99m
Serum thyroid antibodies
Fine needle aspiration
Thyroid excisional biopsy

Serum T3 (thyrotoxicosis)
Serum T4 (hypo- and hy-

perthyroidism)
Serum TSH (hypo- and

hyperthyroidism)

T3 suppression test to evalu-
ate autonomous hyperse-
cretion

Serum thyroglobulin
Serum calcitonin response to

pentagastrin and calcium
infusions
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I. EPIDEMIOLOGY

Thyroid cancers, particularly papillary cancers, are found
at autopsy in a large minority of individuals dying of other
causes. The prevalence varies from 5.6% in Colombia (1)
to 35.6% in Finland (2). Autopsy prevalence of thyroid
cancers is relatively low in children and adolescents. The
prevalence in Finnish youth 20 years of age or less is
13.6%; no cases were detected in Finnish children 10
years of age or younger (3).

In light of the high autopsy prevalence of thyroid can-
cer, the annual incidence of clinical thyroid cancer is re-
markably low. The incidence of thyroid cancer in children
and adolescents has been estimated to be between 0.2 and
3.0 cases per million per year (4, 5). Clinical thyroid can-
cers in childhood and adolescents form only approxi-
mately 5% of such tumors (6, 7).

Thyroid cancer in adults in (two to four times more
frequent in women than in men (8). This female predom-
inance is less evident in children and is not observed in
children less than 11 years of age (5, 9).

The best-established environmental risk factor pro-
moting thyroid cancer is radiation exposure (10–14). Res-
idence in a volcanic area, particularly Hawaii or Iceland,
appears to increase the risk of thyroid cancer (15).

The vast majority of medullary thyroid cancers de-
tected in childhood form one component of a genetic syn-
drome: either familial medullary thyroid cancer or multi-
ple endocrine neoplasia type 2 (MEN 2). MEN 2a
comprises medullary thyroid carcinoma, pheochromocy-
toma, and hyperparathyroidism. MEN 2b includes med-
ullary carcinoma of the thyroid, pheochromocytoma, and
ganglioneuromatosis of the gastrointestinal tract in asso-
ciation with a marfanoid habitus (16; Fig. 1). Medullary
thyroid carcinoma occurring in all age groups is inherited
in approximately 25% of cases (17).

Nonmedullary thyroid carcinoma is heritable less fre-
quently than is medullary carcinoma. Recent estimates of

familial occurrence in patients of all ages have been in
the range of 5% (18). Heritable nonmedullary thyroid can-
cers include oxyphilic papillary cancers (19). Classic pap-
illary thyroid carcinoma may be heritable without other
abnormality (20) or in association with nontoxic multi-
nodular goiter (21).

Papillary thyroid carcinoma, or a thyroid carcinoma
somewhat different from typical papillary cancer, occurs
in approximately 1% of patients with familial adenoma-
tous polyposis (FAP) (22–24). Approximately 85% of
FAP patients with thyroid carcinoma are women, and most
thyroid cancers in these patients are diagnosed before 35
years of age (25–27).

Another hereditary setting for nonmedullary thyroid
cancers is in patients with Cowden disease, a condition
similar to FAP that is transmitted with an autosomal dom-
inant pattern of inheritance. This condition consists of ha-
martomas arising in ectoderm, mesoderm, and endoderm.
The most characteristic features are facial papules (trichi-
lemmomas and verrucae), oral papillomatosis, and pal-
moplantar keratoses (Fig. 2). Other features include fibro-
cystic disease of the breast, nodular goiter, gastrointestinal
polyposis, and ovarian cysts. Malignancies associated
with Cowden disease include papillary and follicular thy-
roid cancer in 7% of patients as well as breast carcinoma,
non-Hodgkin’s lymphoma, melanoma, colon and uterine
adenocarcinoma, squamous and basal cell skin carcinoma,
and acute myelogenous leukemia (28, 29).

Another multiple neoplasia syndrome transmitted
with an autosomal dominant pattern of inheritance is the
Carney complex of spotty skin pigmentation, myxomas,
endocrine overactivity, and schwannomas. Pigmented skin
lesions include pinpoint brown to black macules (also
present on mucosal membranes), café au lait spots, and
blue nevi (Fig. 3). Myxomas occur in heart, skin, breast,
and in other tissues. Endocrine abnormalities include pri-
mary adrenal Cushing’s syndrome associated with pig-
mented adrenal nodules, growth hormone-producing pi-
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Figure 1 MEN 2B is characterized by a Marfanoid body habitus (right) and by characteristic facies (left and center). The
facies include thickened lips with nodules due to ganglioneuromas. The tongue has nodular ganglioneuromas as do the eyelids.

Figure 2 Cowden disease has a number of skin and mucous membrane hamartomas. Facial trichilemmomas are seen on the
left. Cobble-stone-like papules are seen in the buccal mucosa at the base of the tongue (center). Verrucous lesions (palmoplantar
keratosas) are seen on the palms (right).

tuitary adenomas, and testicular Sertoli and Leydig cell
tumors. Some 3.8% of patients have either papillary or
follicular thyroid carcinoma. Nodular thyroid disease is
present in 60 to 67% of patients (30).

II. PATHOLOGY

Some thyroid tumors arise from the thyroid follicular epi-
thelium. This epithelium produces thyroglobulin, thyrox-
ine, and triiodothyronine. Other thyroid tumors arise from
C cells that derive from the most caudal branchial pouches
(ultimobranchial bodies). These cells are located between
the basal lamina and the follicular epithelial cells. Unlike
follicular epithelial cells, C cells do not extend into the

colloid-containing follicular lumen. They produce calci-
tonin in addition to a number of other peptides such as
somatostatin and calcitonin gene-related peptide. They do
not produce thyroglobulin. Thyroid lymphomas arise from
intrathyroidal lymphocytes.

The most common benign thyroid tumors arise from
thyroid follicular cells and include adenomas and adeno-
matous nodules. Adenomas are solitary. They are encap-
sulated and have a uniform internal structure. They may
have follicular or solid architecture (Fig. 4). Adenomatous
nodules have more varied internal structure. They are
commonly multiple rather than solitary (Fig. 5). Thyroid
teratomas are found most commonly in the newborn.
Large teratomas may be associated with polyhydramnios
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Figure 3 Principal skin findings in Carney complex (myxoma, spotty pigmentation, and endocrine overactivity) include ephe-
lides or melanin spots in and around the lips.

Figure 4 Follicular adenomas of the thyroid are encapsulated and have uniform structure.

since they may interfere with fetal swallowing of amniotic
fluid.

Malignant tumors of the thyroid follicular epithelium
may be classified into papillary carcinomas, follicular car-
cinomas, and poorly differentiated carcinomas (31).

Papillary carcinomas make up approximately 72% of
childhood thyroid cancers (32). These tumors often infil-
trate surrounding tissue and are only infrequently encap-

sulated. Most contain papillae with a fibrovascular core
and a single layer of typical epithelial cells (Fig. 6). Often
this pattern forms only a small proportion of the tumor.
Other patterns found in papillary cancer include follicular,
trabecular, cribriform, and diffuse. The epithelial cells
contain large irregular nuclei that are folded and indented
with cytoplasmic inclusions. Since the nuclear heterochro-
matin is concentrated near the nuclear membrane, the cen-
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Figure 5 Benign adenomatous nodules have more varied internal structures than follicular adenomas.

tral portion has a pale ground-glass appearance. The nu-
clei are often aligned similarly on the basal or apical part
of the cell and therefore overlap one another.

Children less than 10 years of age appear to have a
distinctive so-called childhood type of papillary thyroid
cancer in which the nuclei are more rounded rather than
elongated, smooth rather than grooved, and not crowded
or overlapping. The predominant pattern of this type of
papillary cancer is solid rather than pure papillary or a
mixture of papillary and follicular (5).

Another variant of papillary thyroid carcinoma oc-
curring most commonly in younger patients is the diffuse
sclerosing type (Fig. 7). The tumor involves all lymphatics
of one or both thyroid lobes and is associated with severe
lymphocytic thyroiditis or interstitial fibrosis. Lymph
nodes and pulmonary metastases are frequent (33).

The thyroid cancer occurring in association with fa-
milial adenomatous polyposis has been described as atyp-
ical papillary carcinoma. Tumors have mixed patterns in-
cluding cribriform, papillary, glandular, and solid. The
nuclei most commonly lack the central ground-glass ap-
pearance. Cytoplasmic inclusions and nuclear membrane
grooving tend to be less prominent than they are in classic
papillary tumors (22, 26).

Papillary thyroid cancers are frequently multifocal
and are bilateral in up to 80% of cases (34). Papillary
thyroid carcinoma metastasizes to cervical lymph nodes
in 90% of affected children and to lungs in approximately
7% (6). Only rarely does the tumor invade blood vessels
or metastasize to distant sites other than to lung.

Follicular thyroid carcinoma makes up approximately
18% of childhood thyroid cancers (32). A microfollicular
pattern is usually predominant in follicular tumors (Fig.

8). Other less frequent tumor patterns include trabecular
and solid. Nearly all follicular carcinomas are encapsu-
lated, and the vast majority are unifocal and unilateral.
Characteristically, follicular carcinomas invade blood ves-
sels and, not rarely, also invade the tumor capsule. Thus,
this tumor spreads hematogenously to lungs, bone, liver,
and brain. Lymphatic invasion by follicular cancer is rel-
atively infrequent.

One important variant of follicular thyroid cancer is
the oncocytic cell type (also called the oxyphilic or
Hürthle cell type). The cytoplasm is granular and eosin-
ophilic because of the presence of a large number of mi-
tochondria (Fig. 9). These tumors exhibit extrathyroidal
extension and lymph node and distant metastases more
frequently than do other follicular carcinomas.

Anaplastic carcinoma is extremely aggressive and has
been described as forming 2.6% of childhood thyroid can-
cers (32). Insular carcinomas have islands of small, dense
cells that aggregate in solid, follicular, or papillary pat-
terns. This tumor appears to be intermediate in aggres-
siveness between differentiated cancers (follicular and
papillary) and anaplastic cancer (35).

Medullary thyroid carcinoma makes up approxi-
mately 2.6% of childhood thyroid cancers (32). These tu-
mors arise most frequently at the junction of the upper
third and the lower two-thirds of the thyroid gland: the
thyroid region most densely populated with C cells. The
cells in this tumor may be round, spindle-shaped, or poly-
gonal and form sheets separated by fibrous stroma. Sixty
to 80% of tumors contained amyloid (Fig. 10). The C cells
forming medullary carcinoma produce calcitonin and car-
cinoembryonic antigen in addition to a number of other
substances. Hereditary medullary tumors are multicentric
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Figure 6 The finger-like projections, or papillae, of papil-
lary thyroid carcinoma have a fibrovascular core and single
layer of epithelial cells located basally. The nuclei appear to
overlap.

Figure 7 Diffuse sclerosing papillary carcinoma is associ-
ated with lymphocytic infiltration and interstitial fibrosis. It
tends to diffusely involve one or both thyroid lobes.

and bilateral. Nonhereditary tumors are most frequently
solitary.

III. PATHOGENESIS

Two classes of mutated genes contribute to tumorigenesis.
The first is the class of proto-oncogenes, which code for
protein products that regulate cell growth. Many of these
gene products contribute to the biochemical cascade in-
volving cellular response to growth factors. An important
example of a proto-oncogene contributing to thyroid car-
cinogenesis is RET (rearranged during transfection). The
RET gene product is a transmembrane protein anchored
in the plasma membrane. It is part of a receptor complex
binding a family of ligands including glial cell line-de-
rived neurotrophic factor, neurturin, persephin, and ar-
temin. These ligands are members of the transforming
growth factor � superfamily (36–38). The RET ligands
form head-to-tail dimers; this structure facilitates dimeri-

zation of adjacent RET molecules, which in turn triggers
activation of tyrosine kinase and receptor autophosphor-
ylation (39; Fig. 11).

RET mutations have been found in medullary carci-
noma of the thyroid (40–42). RET gene mutations in
MEN 2A and in familial medullary thyroid carcinoma
(FMTC) most frequently produce a change from cysteine
(which in the unmutated molecule participates with an-
other cysteine in an intramolecular disulfide bond) to an-
other amino acid. This transversion frees the other usually
intramolecularly coupled cysteine to couple with the cor-
responding uncoupled cysteine in a neighboring mutated
RET molecule. This intermolecular cysteine coupling di-
merizes RET and results in constitutive activation (43;
Fig. 12).

RET mutations in MEN 2B occur in the intracellular
tyrosine kinase domain rather than in the cysteine-rich ex-
tracellular domain of the RET molecule (44). These ty-
rosine kinase mutations activate RET without need of
dimerization (Fig. 13). This nondimeric structure of acti-
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Figure 8 Follicular thyroid carcinoma frequently invades
blood vessel walls.

Figure 9 Oncocytic cell thyroid carcinoma has granular cy-
toplasm that is intensely eosinophilic.

vated RET in MEN 2B alters the substrate specificity of
tyrosine kinase. In addition, unlike MEN 2A RET muta-
tions, MEN 2B mutations allow persistence of RET ligand
responsiveness (45). Perhaps these differences contribute
to phenotype differences between MEN 2A and 2B.

Intestinal ganglioneuromatosis, characteristic of MEN
2B, reflects the embryologic role of RET in development
of the enteric nervous system (46). Inactivating RET mu-
tations are found in 23 to 33% of patients with Hirsch-
sprung’s disease, a condition characterized by absence of
ganglia within a portion of the distal colonic wall (47).
Some kindreds have RET mutations that predispose to
both MEN 2A (or FMTC) and Hirschsprung’s disease.
Such mutations may produce constitutively active RET
molecules that are numerically limited, causing constitu-
tively active C-cells but numerically insufficient RET sig-
nals to effect gangliogenesis (48).

In addition to its role in MCT tumorigenesis, RET
has been implicated as one of the most frequent onco-
genes contributing to production of papillary thyroid car-
cinomas. Since RET is not ordinarily expressed in thyroid

follicular cells (unlike thyroid C cells), the very expres-
sion of RET in follicular cells is dependent on chromo-
somal rearrangement, which apposes regulatory subunits
of other genes to the tyrosine kinase domain of the RET
gene. In addition, these oncogenes code for protein coiled
coil domains that predispose to constitutive dimerization
of the proteins with one another and in this manner acti-
vate the tyrosine kinase (49). At least eight chromosomal
rearrangements involving RET have been found in pap-
illary thyroid carcinoma (50–56). Although most of the
chromosomal rearrangements involving RET include in-
version of a segment of chromosome 10 containing the
RET gene (Fig. 14), some involve translocation of a frag-
ment of chromosome 10 to a different chromosome such
as chromosome 17 (53, 56).

At least one mechanism of thyroid tumorigenesis due
to radiation is radiation induction of RET rearrangements
(57). The Chernobyl thyroid cancer experience suggests
that a particular RET rearrangement (PTC-3) is associated
with short latency between radiation exposure and clinical
cancer (58, 59).
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Figure 10 The C cells that make up medullary thyroid car-
cinoma may be round, spindle-shaped, or polygonal. They
form sheets separated by fibrous stoma and may produce
amyloid.

Figure 11 The RET proto-oncogene is a transmembrane
molecule. It collaborates with specific receptors for each of
the members of the glial cell line-derived neurotrophic factor
family (e.g., the GCNF receptor depicted by a line with
square domains) in transducing signals to the interior of the
cell.

C-met is a transmembrane, high-affinity receptor for
hepatic growth factor. This growth factor receptor is over-
expressed in 96% of papillary thyroid carcinomas and
may contribute to lymph node metastases and to advanced
pathological stage (60).

NTRK-1 is a component of the high-affinity receptor
for nerve growth factor. The gene for this proto-oncogene
is on chromosome 1q22, and a number of chromosomal
rearrangements including the NTRK-1 gene are found in
papillary thyroid cancers. NTRK-1 rearrangements are
less frequent in papillary thyroid carcinoma (12%) than
are RET mutations (46%). Both are more common in
younger patients than in older ones (61).

A number of studies have suggested that lymphocytic
infiltration of thyroid neoplasms is associated with a fa-
vorable prognosis (62, 63). Recent evidence suggests that
thyroid cancers may be able to evade immunological at-
tack mediated by lymphocytic infiltration by expressing
FAS ligand, a transmembrane protein of the TNF family

that binds to a specific receptor on activated T cells and
induces apoptosis (64, 65).

Tumor-suppressor gene mutations contributing to thy-
roid tumorigenesis include mutations in P53. Although
P53 mutations are found in up to 40% of undifferentiated
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Figure 12 In MEN 2A, most of the RET mutations involve
a nucleic acid transversion resulting in a change in the cys-
teine-rich portion of the extracellular portion of RET. Since
one of the intramolecular disulfide bonds does not form, a
‘‘spare’’ cysteine is available for intermolecular disulfide
bonding. This bonding results in dimerization of RET mol-
ecules. This dimerization, in turn, constitutively activates
RET.

thyroid cancers, they are observed in less than 10% of
differentiated thyroid cancers. These mutations are more
common in aggressive tumors (66). P53 mutations are ob-
served with greater frequency in radiation-induced thyroid
cancers (67).

Angiogenesis stimulators and inhibitors appear to fa-
cilitate tumor growth. Overexpression of vascular endo-
thelial growth factor C (an angiogenesis stimulator) is in-
creased in lymph node invasive thyroid tumor such as
papillary cancer. Thrombospondin-1 (an angiogenesis in-
hibitor) is underexpressed in hematogenously spreading
thyroid tumors such as follicular cancer (68–70).

Genes associated with heritable, nonmedullary thy-
roid cancer contribute in various ways to the development
of thyroid cancers. Patients with familial adenomatous
polyposis have mutations in the adenomatous polyposis
(APC) gene located on chromosome 5q21. Individuals
with mutations between codons 463 and 1387 are at
greater risk for thyroid carcinoma and for congenital hy-

pertrophy of the retinal pigment epithelium. Some studies
of loss of heterozygosity for the APC gene in thyroid tu-
mors have been negative in the setting of familial ade-
nomatous polyposis. Although there was no observable
loss of heterozygosity for the APC gene, three of four
patients had RET-PTC rearrangements (71). In other stud-
ies of APC and thyroid cancer, the thyroid cancers in this
setting did manifest loss of heterozygosity (72).

Cowden disease results from mutations in PTEN, a
tumor suppressor gene with protein tyrosine phosphatase
activity located on chromosome 10q23 (73). Thyroid tu-
mors and other tumors associated with Cowden disease
are associated with loss of heterozygosity in tumor tissue
(74). Although PTEN mutations are infrequent in sporadic
thyroid carcinomas, PTEN expression is decreased at the
RNA and protein level in 40% of these carcinomas (75).

The Carney complex results from mutations of the
gene on chromosome 17q23–24, which encodes the pro-
tein kinase A type 1-alpha regulatory subunit. This gene
has not yet been studied in thyroid tumor tissue (76).

IV. DIAGNOSIS

Thyroid cancer presents as a thyroid nodule in approxi-
mately 54% of patients. Twelve percent have both a thy-
roid nodule and enlarged cervical lymph nodes, and 36%
have enlarged cervical lymph nodes without a palpable
thyroid mass (77). Between 18% and 25% of solitary thy-
roid nodules in children are found to be cancerous (78–
80). Since only 5% of thyroid nodules in adults are ma-
lignant, fine-needle aspiration of such nodules is generally
favored to avoid unnecessary surgery in adults (81). Fine-
needle aspiration of childhood thyroid nodules is recom-
mended by investigators (82), but others caution that
aspiration biopsy results may be misleading. These indi-
viduals favor surgery in all children with thyroid nodules
(83). False-negative results of aspiration cytology may be
obtained in 2.3–3.6% of thyroid nodules (80, 82).

Evaluation of thyroid nodules by ultrasonography and
radionuclide scanning has been largely replaced by fine-
needle aspiration (FNA) because of the latter’s superior
sensitivity and specificity (81). In general, FNA cytology
that is positive or suspicious for malignancy should
prompt thyroid surgery. Nondiagnostic cytology should
prompt repeat aspiration perhaps performed under ultra-
sound guidance (Fig. 15). Ultrasound guidance may be
particularly useful if there is a cystic component of the
lesion since sampling of the wall of the lesion is most
likely to give a meaningful cytologic result (84).

V. TREATMENT

The surgical procedure most frequently advocated for
treatment of papillary thyroid carcinoma is bilateral near-
total or total thyroidectomy. Unilateral procedures are as-
sociated with a higher incidence of local tumor recurrence
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Figure 13 In MEN 2B, RET mutations occur in the portion
of the gene coding for the portion of the RET protein con-
taining tyrosine kinase activity. These mutations are consti-
tutively active despite absence of dimerization of the RET
proteins.

in low-risk as well as in high-risk patients (85). Unilateral
surgeries are associated with higher mortality only in
high-risk patients (advanced patient age, large tumor size,
local invasion, and/or distant metastases, and high tumor
grade) (86, 87). Bilateral thyroid surgery significantly de-
creased the rate of tumor recurrence in a study of 1685
patients of all ages evaluated for a mean of 18 years (87).
Study of a subset of this patient group including the 90
children less than 17 years of age also demonstrated de-
creased tumor recurrence in patients undergoing bilateral
surgical procedures (88). A more recent study of a differ-
ent patient population has also confirmed these results
(89). Another study of 329 patients younger than 21 years
of age evaluated for a mean of 11.3 years did not report
a difference between unilateral and bilateral surgeries.
This study demonstrated a higher frequency of permanent
hypoparathyroidism in bilateral operations than in unilat-
eral ones (90). In addition to the probable advantage in
preventing tumor recurrence offered by bilateral surgery,
this surgical approach facilitates the usefulness of thyro-
globulin measurement and of radioiodine scanning in
evaluating thyroid cancer patients postoperatively for re-

currence of tumor (91). The role of the surgical procedure
in bolstering the sensitivity of the postoperative manage-
ment techniques is particularly important in evaluating pa-
tients with follicular thyroid carcinoma, which not infre-
quently metastasizes by the hematogenous route. The
recurrence rate of follicular thyroid carcinoma may not be
significantly affected, however, by bilateral rather than by
unilateral surgical procedures (92).

During the surgical procedure the lymph nodes of the
tracheoesophageal groove are palpated. Those on the side
of the tumor are biopsied. If these nodes are positive, then
a modified neck dissection is performed. In addition,
lymph nodes in the supraclavicular area are palpated and,
if enlarged, these are also biopsied.

Another controversial aspect of the treatment of pap-
illary thyroid carcinoma is the use of radioiodine ablation
of the postoperative normal thyroid remnant. There ap-
pears to be substantial agreement that [131]-iodine treat-
ment of tumors smaller than 1.5 cm does not reduce the
rate of tumor recurrence (93). One large series strongly
suggests decreased tumor recurrence and decreased mor-
tality in [131]-iodine treated patients (94); another does not
demonstrate such benefits. The results of a number of
studies seem to support the view that total or near-total
thyroidectomy reduces the apparent benefit of [131]-iodine
ablation (93).

Measurement of serum thyroglobulin levels is a cor-
nerstone of postoperative monitoring. Presently, thyro-
globulin is usually measured with immunoradiometric as-
says. Approximately 15% of patients with thyroid cancer
have antibodies directed against thyroglobulin. These an-
tibodies may interfere with thyroglobulin measurement,
often resulting in underestimation of thyroglobulin levels
(95). Patients with thyroglobulin antibodies might be stud-
ied using a PCR-based assay for thyroglobulin mRNA.
This assay is not subject to erroneous readings as a result
of antibodies being present in the circulation (96).

Withdrawal of thyroid hormone replacement allows
detection of thyroglobulin in almost all patients with tu-
mor in lymph nodes and in distant sites (95). Measure-
ment of thyroglobulin postoperatively or following with-
drawal of thyroid hormone replacement is frequently
preceded by 1-T3 replacement (in doses of approximately
25 �g/1.73 m2 body surface area three times daily) for 4
weeks. Thereafter, 1-T3 is withdrawn for a period of 2
weeks. This practice allows 1-T4 levels to decline gradu-
ally (in light of the long T4 half-life of 1 week) while
prolonging TSH suppression by T3. T3 has a much shorter
half-life (approximately 24 h), allowing robust TSH re-
lease over a presumably safer and shorter period of time.

Instead of withdrawing thyroid hormone, patients
may be given recombinant TSH by intramuscular injec-
tion prior to measurement of thyroglobulin levels. This
method obviates the need to produce hypothyroidism (97,
98).

In addition to thyroglobulin measurement, thyroid
cancer is monitored by total body scanning employing 1–
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Figure 14 Activation of the RET in papillary thyroid carcinoma results from chromosomal rearrangements involving the 10th
chromosome (which contains the RET gene). This diagram shows an inversion of a segment of chromosome 10 resulting in
RET activation.

5 mCi [131]-iodine. For adequate scanning sensitivity, TSH
levels should be greater than 35 mIU/l. This can be ac-
complished either by withdrawing patients from thyroid
hormone or by injecting them with recombinant TSH. Tu-
mor detected by [131]-iodine scanning and inaccessible to
neck surgery may be treatable with radioiodine (99). At
times, administration of [131]-iodine for diagnostic scans
stuns thyroid tissue, thereby interfering with tumor uptake
of therapeutic radioiodine (100). In the future, use of [123]-
iodine for diagnostic scanning may be able to avoid this
effect. Treatment of tumor detected by thyroglobulin but
not by diagnostic scan remains controversial (101, 102).

High-resolution real-time ultrasonography is useful in
monitoring patients for tumor recurrence in the neck. Sus-
picious masses may be aspirated under ultrasound guid-
ance for cytological study. Confirmed tumor may then be
surgically removed (84).

Thyroid hormone replacement should be adjusted to
suppress TSH (103). Low-risk patients may not require

marked suppression (104). It has therefore, been recom-
mended that high-risk patients have suppression of TSH
below 0.1 mIU/l while low risk patients should have TSH
levels between 0.1 and 0.4 mIU/l (105).

The outcome of treatment of papillary and follicular
thyroid carcinoma in children is generally favorable. Mor-
tality tends to be in the range of 1% at 10 years (6, 106).
With more prolonged follow-up, 5–7% of patients may
die from thyroid cancer and another group of similar size
may die from conditions resulting from treatment of their
cancer (106). The patients most likely to die from thyroid
cancer seem to be those younger than 10 years of age at
the time of diagnosis (5, 107).

Management of medullary thyroid carcinoma in chil-
dren focuses on detection of inherited disease before
appearance of symptoms or signs. In the past, affected
family members were detected by provocative tests stim-
ulating calcitonin secretions. Pentagastrin (currently un-
available) and calcium infusion have been used in this
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Figure 15 Thyroid nodules in children may be removed surgically if this approach is favored by the family or the physician.
Otherwise, fine-needle aspiration (FNA) is the most cost-effective test to guide further evaluation and treatment.

setting (15, 108). Formed medullary thyroid carcinoma
may be detected in children with MEN 2 as early as 2 to
3 years of age (15, 109). The need to perform surgery
early in these patients is highlighted by the finding of
lymph node metastases of medullary thyroid cancer in
children as young as 5 years of age (110, 111). These
reports suggest that thyroid surgery should be performed
in RET-positive children by 5 years of age and perhaps
as early as 2 years of age.

Because of the possibility of pheochromocytoma in
MEN 2 patients, all should undergo appropriate measure-
ment of serum and urine catecholamines and catechol-
amine metabolite studies. Additionally, patients who may
have MEN 2A should have studies of calcium since hy-
perparathyroidism can be treated at the same time that
thyroidectomy is being performed. Preoperative calcitonin
levels should be measured.

There is general agreement that patients with med-
ullary thyroid carcinoma should undergo total thyroidec-
tomy. Patients with familial disease have bilateral multi-
focal tumors. Similar multifocal disease may be found in
5–30% of patients with apparently sporadic medullary
thyroid cancer (110, 112).

If serum calcitonin levels remain elevated postoper-
atively, physical examination and neck ultrasonography
may reveal persistent cervical lymph node metastases that
should be surgically excised. Aggressive surgical therapy
of patients without obvious disease in the neck, medias-
tinum, liver, or lungs may render approximately 30% of
postoperation hypercalcitonemic patients normocalcito-

nemic with a follow-up of approximately 6 years (113).
A more conservative approach to such patients has been
advocated by others in view of their 10-year survival rate
of 86% (114).
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I. INTRODUCTION

Starting with an outline of the basic physiology of mineral
homeostasis, this chapter discusses the disease states in-
volving deficient parathyroid hormone (PTH) effect, hy-
poparathyroidism in the wide sense of the word. Com-
monly, the name hypoparathyroidism (HP) is limited to
meaning deficient secretion of PTH, while defects in the
effector mechanism of PTH are collectively called
pseudo-HP (PHP). Causes are many, both inborn and ac-
quired, and several of them are not well understood. Delay
in the recognition of these disorders may lead to perma-
nent brain damage or even death. Effective therapy is
available. It is not, however, a real substitution therapy
but employs calciferol sterols, which lack the renal effects
of PTH and are potentially toxic. Hence, the therapy needs
to be carefully monitored.

II. PHYSIOLOGICAL BACKGROUND:
THE PARATHYROID GLANDS AND
HORMONES

The homeostasis of calcium (Ca2�) and inorganic phos-
phate (Pi) ion concentrations in the extracellular fluid (1)
is maintained by an integrated regulation of their absorp-
tion from the intestine, reabsorption from the glomerular
filtrate, and movement into and out of the skeleton. The
parathyroid glands (PTG) are the regulatory center that
controls tightly the concentration of Ca2� in the extracel-
lular fluid (Fig. 1); its function is adjusted by the Ca2�-
sensing receptors present on the surface of its cells. The
action of PTG is directly mediated by PTH and indirectly
via the steroid hormone calcitriol. Also, extracellular con-
centrations of the minerals exert direct short-loop feed-
back effects on the rate of their reabsorption in the kidney
tubules and the production of calcitriol.

Most people have four PTGs, with an average total
weight of 120 mg in the adult. The lower pair arise in

association with thymus from the third branchial pouch
and migrate caudally to separate from the thymus at the
18 mm embryo stage. They assume a variable final loca-
tion, commonly at the lower pole of the thyroid gland but
sometimes mediastinally even at the level of the pericar-
dium. The upper pair derive from the more caudal fourth
branchial pouch and remain stationary with final location
at the upper pole of the thyroid. Chief cells, the major
cells of the glands, are arranged in cords and sheets. These
cells regulate plasma Ca2� concentration on a minute-to-
minute basis by rapidly adjusting their secretion of stored
PTH in response to changes in that concentration; synthe-
size, process, and store large amounts of PTH in a regu-
lated manner; and replicate in response to a chronic hy-
pocalcemia.

The actions of the PTH are stimulation of renal pro-
duction of calcitriol, which increases intestinal absorption
of Ca and Pi; stimulation of Ca reabsorption and inhibi-
tion of Pi reabsorption from renal tubules; and stimulation
of osteoclastic bone resorption and release of Ca and Pi
ions from the skeleton (Fig. 1).

The gene for PTH, located in chromosome 11p15,
consists of three exons and two introns encoding pre-pro-
PTH of 115 amino acids including a 25-residue signal so-
called pre sequence, and a 6-residue pro sequence (2–3).
These sequences direct the protein into the secretory path-
way. The prehormone is cleaved during postranslational
processing to a 90 amino acid pro-PTH and then to the
84 amino acid mature PTH (1). This PTH is stored in
secretory granules. It is secreted with chromogranin A,
which may behave as autocrine or paracrine regulator of
PTH release (1). As a regulatory mechanism, a portion of
the PTH is inactivated by proteases within the secretory
granules and secreted as carboxy-terminal fragments (4).
Several polymorphisms of the PTH gene have been re-
ported, which allow linkage studies (5–7).

PTH1-34 possesses the full adenylyl cyclase stimulat-
ing activity of the hormone, residues 1 and 2 being nec-
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Figure 1 Calcium homeostasis. The parathyroid glands
control the extracellular fluid Ca2� concentration by regulat-
ing the flux of Ca from the kidneys and skeleton and, through
adjusting the production of calcitriol by the kidneys, from
the intestine. This control is mediated by PTH; its secretion
is regulated trough feedback by ECF Ca2� concentration.

essary for this potency, and residues 10–34 for binding
to a specific cell membrane receptor (8). A PTH molecule
lacking residues 1 and 2 is a competitive inhibitor of the
hormone in vitro, lacking the biological potency but re-
taining the full receptor-binding activity.

PTH-related peptide (PTHrP), a polyhormone pro-
duced by PTG, is similar to PTH in its amino terminus,
which in both peptides comprises the receptor-activating
domain, accounting for the binding of both peptides to the
receptor shared by them, the PTH/PTHrP receptor. PTHrP
is the precursor of multiple biologically active peptides,
which are of vital importance during the organogenesis.
An amino-terminal peptide PTHrP1-36 with its PTH-like
domain can activate the PTH/PTHrP receptor fully and
produce all the classic actions of PTH. Midregion PTHrP
peptides stimulate placental Ca transport, presumably
through a specific receptor. Carboxy-terminal fragments
inhibit bone resorption and stimulate osteoblast growth.
PTHrP acts as a calciotropic hormone during fetal life and
lactation. PTHrP secreted by fetal PTG stimulates placen-
tal transport of Ca in the sheep (9), whereas PTH has no
such effect. PTHrP may be the signal responsible for the
adaptation of maternal Ca metabolism to the stress of lac-
tation (10). Hypoparathyroid mothers can maintain nor-
mocalcemia during lactation. Large amounts of PTHrP are
secreted in milk, but its role in milk is unknown. Also,
PTHrP may delay the differentiation of growth plate chon-
drocytes and allow them to proliferate and form orderly
columns of cells (11). Various PTHrP peptides are re-
sponsible for many different local functions in diverse tis-
sues and through several receptors, while PTH uses the
shared receptor to regulate the systemic homeostasis of

Ca2�. Otherwise, only in hypercalcemia of malignancy
enough of PTHrP reaches circulation to produce systemic
effects (12).

A. The Ca2�-Sensing Receptor

At normal extracellular Ca2� levels PTH is synthesized at
a nearly maximal rate, and changing Ca2� concentration
has no rapid effects on PTH mRNA expression. The pri-
mary control of availability of PTH probably works via
the effect of Ca2� on PTH secretion and degradation. At
high Ca2� levels a smaller proportion of the secretion of
PTG is intact PTH and a larger proportion PTH fragments.

Both positive and negative regulatory elements exist
in the 5� flanking region of the PTH gene (3). Cytoplasmic
levels of prepro-PTH mRNA may be directly regulated by
Ca2�; probably Ca2� modifies the PTH gene transcription.
Calcitriol is also a potent downregulator of the expression
of the gene. Normal extracellular concentration of Mg2�

(8) is a prerequisite of normal PTH secretion: both hy-
permagnesemia and hypomagnesemia inhibit it. Persons
with low borderline plasma Mg2� concentration recover
slower from induced reduction of plasma Ca2� than per-
sons with high normal plasma Mg2� (13).

The extracellular Ca2� concentration is monitored by
Ca2�-sensing receptors (CaRs) that are plentiful on the
surface of the chief cells of the parathyroid glands, and
are also present in the kidneys in the juxtaglomerular ap-
paratus, along the luminal surface of the proximal con-
voluted tubule, the basolateral surface of the cortical thick
ascending limb of the loop of Henle, and the apical and
luminal membrane of the inner medullary collecting duct
(14), in the intestine (15), parts of the brain (16), the thy-
roid C cells, breast, and the adrenal glands (17). The hu-
man 1078 amino acid protein, encoded by CaR gene in
chromosome 3q13, consists of three structural regions: a
large amino terminal extracellular domain that contains
clusters of acidic amino acids thought to be involved in
binding of Ca2�, seven transmembrane helices character-
istic of the G protein-coupled receptors, and a cytoplasmic
carboxy terminal domain. Once activated by Ca2�, the
CaR activates phospholipase C through a G protein.
Through intracellular accumulation of inositol triphos-
phate and, secondarily, Ca2�, this activation leads to in-
hibition of the secretion and synthesis of PTH, and acti-
vation of its proteolysis. The receptor lacks specificity: it
is also stimulated by other divalent cations, most impor-
tantly Mg2�.

B. Regulation of PTH Synthesis
and Secretion

There is an inverse sigmoidal relationship between extra-
cellular Ca2� concentration and the release of intact PTH,
with the normal set point (the 50% response) at approxi-
mately 1.25 mmol/l (Fig. 2). The chief cells of the PTG
are exquisitely sensitive to small fluctuations in extracel-
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Figure 2 ECF Ca2� concentration determines the secretory
rate of PTH following a sigmoidal dose–response curve. The
normal level of the ECF Ca2� concentration corresponds ap-
proximately to the midpoint of the slope. The minimum se-
cretory rate is not zero. (From Ref. 19.)

lular Ca2� concentration (18, 19) signaled by their CaRs
(17). When extracellular Ca2� concentration decreases be-
low the system set point, the secretion of preformed PTH
is stimulated in seconds to minutes. In addition to de-
creases in the intracellular concentrations of inositol tri-
phosphate and Ca2�, increased production of cAMP is also
involved. PTG adenylyl cyclase has an absolute require-
ment for Mg2�, is stimulated by low Ca2� concentration,
and has a sensitivity to inhibition by high Ca2� concen-
trations some 100–200-fold higher than this enzyme in
other cell types. If the extracellular Ca2� concentration is
not corrected, the PTH gene expression increases in hours.
Chronic hypocalcemia leads to an increase in the number
of the chief cells and the size of PTG. Conversely, in-
creased extracellular Ca2� concentration inhibits the se-
cretion and synthesis of PTH, and activates the proteolysis
of PTH. These cause a rapid decrease in the release of
intact PTH. A Ca2� independent, nonsuppressible baseline
component of PTH secretion is also present.

Newborn infants under 3 days of postnatal age have
poorer PTH secretory responses to hypocalcemia than
older infants. Postnatal age here has a dominant effect
over gestational age (20).

C. Parathyroid Hormone in the Circulation

After being released from the PTG, PTH has a half-life
in the circulation of 2 min. This means that the plasma
level is determined by the rate of secretion, and responds
rapidly to changes in it. PTH is cleared by the hepatic
Kupffer’s cells and the kidneys. Its carboxy-terminal frag-
ments released circulate longer, mainly because they are
cleared exclusively by glomerular filtration. Hence, most
of the immunoreactive PTH in the plasma is a mixture of

carboxyterminal fragments. In normocalcemia, the pro-
portions of the intact PTH, its active aminoterminal frag-
ment, and its inactive carboxyterminal fragments in
plasma are approximately 10%, 10%, and 80% (1). At low
extracellular Ca2� levels large quantities of the intact hor-
mone are secreted, and at high levels more of the car-
boxyterminal fragments are secreted.

D. Cellular Mechanism of Parathyroid
Hormone Action

The regulation of mineral ion homeostasis by PTH is me-
diated mainly through the PTH/PTHrP receptor present in
the kidney, intestine, skeleton and cartilage, aorta, adrenal
gland, urinary bladder, brain, and the skeletal muscles. It
acts through three distinct second messenger pathways
(Fig. 3).

The PTH/PTHrP receptor gene is located in chro-
mosome 3p22–p21.1. The receptor is a 585-amino acid
membrane-bound protein with seven transmembrane do-
mains (27, 28). It has a striking homology with the re-
ceptors of calcitonin and secretin, and lacks homology
with the other G protein-linked receptors. A PTH-sensitive
adenylyl cyclase has been identified in skin fibroblasts,
cardiac cells, and vascular smooth muscle. PTH may reg-
ulate cytosolic Ca2� in those cells (26).

The Gs� subunit is coded for by the GNAS1 gene
located in chromosome 20q13.2. It is a complex gene,
comprising at least 17 exons, including three alternative
first exons. The Gs� is produced by one of the four major
splice variants derived from this gene (21). Two of the
splice variants are expressed only from the paternal allele,
and one only from the maternal allele (cf. Sec. XV.C.).

A second PTH receptor has been identified (29, 30).
It is not expressed in the skeleton and the kidney, and its
role remains unclear. PTH1-84 binds to a cell surface re-
ceptor distinct from the PTH/PTHrP receptor. Such car-
boxy-terminal fragments stimulate osteoclast formation
and activity (31).

III. CALCITRIOL
(1,25-DIHYDROXYCALCIFEROL)

Calcitriol increases the intestinal absorption of Ca and Pi
and thereby their concentrations in the extracellular fluid;
increases bone reabsorption; enhances the capacity of
PTH to promote Ca reabsorption in the renal tubuli; is a
powerful differentiation factor for committed osteoclast
precursors, causing their maturation to form multinucle-
ated cells capable of resorbing bone; suppresses the ex-
pression of the PTH gene; and has profound effects un-
related to mineral homeostasis, on the hematopoetic
tissues, immune system, skin, and muscles (32).

The inactive prohormone vitamin D3 or cholecalci-
ferol is formed in sun-exposed skin. A byproduct in the
synthesis of cholesterol, 7-dehydrocholesterol, undergoes
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Figure 3 Binding of PTH to the PTH/PTHrP receptor ac-
tivates three distinct second-messenger pathways (cAMP, in-
ositol 1,4,5-trisphosphate, diacyl glycerol), varyingly in dif-
ferent target cells. Different heterotrimeric (�, �, �) guanine
nucleotide-binding proteins (G proteins) couple the receptor
to the effectors. Binding of PTH to the receptor facilitates
activation of the G protein, a process in which the � subunit
exchanges bound GDP for GTP and dissociates from the ��
dimer and the receptor. The free, GTP-bound � subunit is
the primary modulator of the effector molecules. An intrinsic
GTPase activity of the � subunit acts as a molecular timing
mechanism: after a predetermined interval, GTP is hydro-
lyzed to GDP (21). Gs activates adenylyl cyclase leading to
production of cAMP, which activates protein kinase A. Gq

activates phopholipase C, which hydrolyzes phosphatidyl-in-
ositol 1,4,5-trisphosphate to diacyl glycerol (DAG) and ino-
sitol 1,4,5-trisphosphate (IP3). The DAG activates protein ki-
nase C, and the IP3 activates a receptor on microsomal
vesicles that directs the movement of Ca2� from microsomal
vesicles into the cytosol. Also, an inhibitory G protein (Gi)
complex, mediating inhibitory signals to the adenylyl cy-
clase, is present in the epithelial cells of proximal renal tu-
bules (22). The phospholipase C/protein kinase C cascade
may be predominant (23) in the actions of PTH on bone
remodeling and the Ca reabsorption in the distal renal tubuli
(24–26).

photochemical cleavage of the bond between carbons 9
and 10 of the sterol B ring. The resulting previtamin D
undergoes a temperature-dependent rearrangement pro-
ducing the vitamin. In prolonged sunlight alternative inert
products are formed, and excessive production of the vi-
tamin is avoided. Both vitamins D2, from plant sources,
and D3 are also components of food. They are hydroxyl-
ated in the liver to 25-(OH)D, a partially active com-
pound, and in the mitochondria of the proximal tubules
of the kidney and placenta further to the hormone calci-
triol (1,25-(OH)2D) or, alternatively, to 24,25-(OH)2D,
which is a less active compound of unclear significance.
These hydroxylations in the kidney are the key points in
the regulation of the synthesis of calcitriol. Vitamins D2

and D3, and their corresponding metabolites, are potent in

humans. Calcitriol acts on the kidneys, skeleton, intestine,
and PTG. Also, it regulates the activity of T lymphocytes,
and is a growth factor for many types of cells, both normal
and tumoral (33).

A. The Production of Calcitriol and
Its Regulation

Vitamins D2 and D3 are absorbed from the duodenum and
jejunum into the lymphatic channels. In states of fat mal-
absorption this absorption may fail (34–36). Both pro-
hormones are stored in adipose tissue and muscle in
amounts depending simply on their intake. Their hydrox-
ylated metabolites are less fat-soluble and less likely to
be stored in amounts that may be harmful. Conversion to
25-(OH)D depends directly on the quantity of circulating
vitamin D.

The synthesis of the 1- and 24-hydroxylases is reg-
ulated reciprocally so that conditions favoring the synthe-
sis of one inhibit the synthesis of the other (37, 38). High
PTH concentration, low concentration of calcitriol, and
low extracellular concentrations of Pi and/or Ca2� increase
the synthesis of 1-hydroxylase, and vice versa. Manipu-
lation of Ca intake within the normal range has a pro-
nounced effect on circulating calcitriol levels by modify-
ing the secretion of PTH (39). Low extracellular
concentrations of Pi promote the synthesis of calcitriol,
and high concentrations inhibit it. These effects are in-
dependent of PTH. In turn, calcitriol stimulates mobili-
zation of Pi from bone and its absorption from the intes-
tine. Thus a plasma phosphate–calcitriol feedback loop
exists regulating plasma Pi concentration independently of
the Ca2�–PTH–calcitrol loop.

B. Calciferols in Plasma

Normally, the total concentration of D2 and D3 in plasma
is 2.6–26 nmol/l (1–10 ng/ml), and their half-lives in the
circulation are about 24 h. The major circulating form is
the 25-(OH)D, with an average plasma concentration of
75 nmol/l and a circulating half-life of about 15 days. Its
concentration reflects accurately the vitamin D reserve of
the body. Calcitriol circulates at almost 1000-fold lower
concentrations (Table 1) with a half-life of 6–8 h (40);
15% is excreted as urinary metabolites and 50% as fecal
metabolites. However, the ratio of the active free concen-
trations of calcitriol and 25-(OH)D is only 1 to 100.

These sterols are bound to albumin and a specific �-
globulin, vitamin-D-binding protein (DBP), of which only
about 5% is saturated at physiological levels of the sterols.
The protein appears also to have a storage function. When
bound to this carrier, calcitriol is the most freely dissoci-
able of the group. However, less than 1% of it is unbound,
freely diffusible, constituting the active fraction. In gen-
eral, its concentration remains constant when the DBP lev-
els change.
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Table 1 Reference Values for Parameters of Mineral Metabolism

Parameter mmol/l mg/dl
Conversion

factor

Ca, serum, ionized 1.18–1.30 4.7–5.2 0.25
total 2.20–2.65 8.8–10.6

Calcitriol, plasma 50–150 pmol/l 20–60 pg/ml 2.40
25(OH)-D, plasma 25–125 10–50 ng/ml 2.50
Mg, serum, newborn 0.75–1.15 1.82–2.80 0.41

child and adult 0.70–1.00 1.70–2.40
PTH intact, serum (IRMA) 1.1–5.8 pmol/l 10–55 pg/ml
Pi (as P) serum, newborn 1.40–3.05 4.3–9.4 0.32

1 to 5 months 1.55–2.60 4.8–8.1
6 to 24 months 1.30–2.20 4.0–6.8
2 to 3 years 1.16–2.10 3.6–6.5
prepubertal child 1.16–1.80 3.6–5.6
puberty 1.07–1.95 3.3–6.0
after puberty 0.80–1.40 2.5–4.3

TmP/GFR, newborn 1.30–3.46 4.0–10.7 0.32
3 months 1.30–3.07 4.0–9.5
6 months 1.30–2.62 4.0–8.2
child 1.30–2.58 4.0–8.0
puberty: gradual decrease to adult values
adult 0.71–1.45 2.2–4.5

Source: Values for TmP/GRF are from Refs. 52 and 53.

C. Cellular Mechanism of Calcitriol Action

Like other steroid hormones, calcitriol binds in its target
cells to a specific cytoplasmic receptor, vitamin D receptor
(VDR) (41). It has a high affinity for calcitriol, and lesser
affinities for the other homologs such as 25-(OH)D and
vitamin D3. The sterol–receptor complex is translocated
to the nucleus where it binds to response elements on
specific DNA and activates or suppresses gene transcrip-
tion. Heterodimerization of the VDR with the retinoid X
receptor is essential for its transactivating function (42).
The synthesis of several proteins is increased: calbindins,
the 25-(OH)D 24-hydroxylase, the VDR itself, the plasma
membrane Ca pump, osteocalcin, osteopontin, and others.
The synthesis of some other proteins such as PTH, PTHrP,
collagen type I and IL-2 is reduced. In addition to ge-
nomic actions, calcitriol has rapid nongenomic activities.
It increases cytosolic Ca in a number of cell types, in-
cluding osteoblasts, parathyroid cells, enterocytes and
myocytes within seconds to minutes. These are probably
carried out by a distinct receptor (32).

The VDR gene, located in chromosome 12q13–14
(43), is a member of the steroid receptor supergene family.
The human VDR is a 50 kD protein consisting of 427
aminoacids; its amino terminal 110 residues constitute the
DNA-binding domain with two Zn-fingers, and amino
acids 150–410 the steroid-binding domain. The receptor
is present in a great variety of cells (32).

D. Synthetic Analogs

Two synthetic vitamin D analogs are therapeutically im-
portant, 1 �-(OH)D3 and dihydrotachysterol (DHT). These
do not need the 1-hydroxylation for activation and are
therefore potent in states of reduced 1-hydroxylation ac-
tivity such as HP. DHT is rapidly hydroxylated to 25-
(OH)DHT. 1�-(OH)D3 is similar in potency to the hor-
mone, presumably after 25-hydroxylation in the liver.

IV. THE KIDNEYS

Regulation of urinary excretion plays an important role in
the homeostasis of minerals, especially Pi (1). This reg-
ulation is mediated by PTH. Also, plasma concentrations
of the divalent cations influence their own excretion. The
PTG–kidney axis regulates the intestinal absorption of
Ca2� and Pi, by determining the rate of synthesis of cal-
citriol.

A. Mineral Reabsorption and Effects of the
Parathyroid Hormone

The mRNA encoding the PTH/PTHrP receptor is ex-
pressed in the convoluted and straight proximal tubules,
the cortical portion of the thick ascending limb, and the
distal convoluted tubules (44, 45). All these segments
show cAMP accumulation in response to PTH (46). The
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Figure 4 Effects of PTH in the kidney. The three effects
are marked � (stimulation) and � (inhibition): inhibition of
the reabsorption of phosphate and Na� in the proximal tu-
bule; stimulation of the synthesis of 1-hydroxylase in the
proximal tubule, and, thereby production of calcitriol
(1,25(OH)2D); and stimulation of reabsorption of Ca2� in the
distal tubule. The proximal tubule has a different mechanism
for reabsorption of Ca2�; this is associated with the absorp-
tion of Na� and is not affected by PTH.

responses of other second messengers in the cells of the
proximal and distal tubules seem to differ strikingly. The
increase in intracellular free Ca2� depends entirely on its
release from intracellular stores in the proximal cells, but
largely on extracellular Ca2� in the distal cells (47). PTH-
dependent renal actions that require the second messen-
gers cAMP, and increases in intracellular free Ca2� and
inositol 1,4,5-triphosphate, include the inhibition of the
reabsorption of Pi, the stimulation of the 25-(OH)D-1�-
hydroxylase, and the reabsorption of Ca2� from the distal
convoluted tubules (47, 48) (Fig. 4).

The total rate of Pi excretion is always less than its
filtered load, normally 5–20%. Pi is reabsorbed in the
proximal tubules by a pH- and Na�-dependent, active, sat-
urable mechanism involving types I and II Na�/Pi cotrans-
porter (49, 50). Hence this reabsorption has a maximum
rate (TmP). If other factors remain unaltered, increased
plasma PTH concentration reduces TmP and decreased
concentration enhances it. TmP in turn determines the
fasting plasma Pi concentration, which is maintained close
to the value of the quotient of TmP and the glomerular
filtration rate (TmP/GFR, Fig. 5, Table 1). This quotient
is also called the Pi threshold. TmP/GFR is the best lab-
oratory indicator of renal PTH action (51–53). In re-
sponse to an injection of PTH, an abrupt increase in Pi

excretion occurs within minutes. PTH induces a rapid en-
docytosis of the type II Na�/Pi cotransporters, resulting in
a reduction of their number at the apical membrane of the
proximal tubules, and their degradation (54). Calcitriol
may have a permissive role for this effect (55). Lack of
PTH results in an increased TmP/GFR and thus an ele-
vated plasma Pi level. PTH likewise reduces the reab-
sorption of bicarbonate, and in HP plasma bicarbonate
levels are often elevated.

The tubular reabsorption of Ca2� and Mg2� is in nor-
mal circumstances extremely efficient: only 1–3% of
the filtered load is excreted. Reabsorption takes place at
multiple sites. Of Ca2� approximately 60–70% is reab-
sorbed in the proximal tubule, 20% within the thick as-
cending limb of Henle, 5% in the distal tubule, and 10–
15% in the collecting duct. Of Mg2�, only some 20%
appears to be reabsorbed in the proximal tubule and 70%
within the thick ascending limb of Henle (56). The reab-
sorption mechanisms are different in the various sections
(Fig. 4) (57).

The proximal process is mostly passive, unsaturable,
and strongly linked to Na� reabsorption. The majority is
absorbed through the paracellular pathway by diffusion
and solvent drag. A smaller part presumably enters the
cells via Ca2� channels of the apical membrane. Most of
it is extruded into the extracellular fluid (ECF) through
the basolateral membrane by an Na�/Ca2� exchanger, a
carrier protein, that derives its energy from the inwardly
directed Na� gradient generated by the continuous activity
of the Na�, K�-ATPase. A small part may be extruded by
plasma membrane Ca2�-ATPase pump (58). Factors that
enhance the delivery of Na� to the distal tubule (high Na�

intake, furosemide) lead to a decrease in the fractional
reabsorption of Ca2� in the proximal tubule. For Mg2�,
the proximal reabsorption mechanism is unknown (56).

In the thick ascending limbs of Henle’s loop, reab-
sorption of Ca2� and Mg2� proceeds through both an ac-
tive, transcellular pathway, and by passive mechanisms
through the paracellular pathway. The high transtubular
voltage gradient generated by the luminal Na�/K�/2Cl�

transporter is important for the reabsorption of Ca2� and
Mg2�. Their resting absorption is passive and is driven by
the ambient electrochemical gradient for the divalent cat-
ions. PTH stimulates their active transcellular absorption
in the cortical thick ascending limbs. Vasopressin, through
stimulating Na� absorption by the Na�/K�/2Cl� cotrans-
porter, causes parallel increases in the absorption of Ca2�

and Mg2� by elevating the transepithelial voltage and the
driving force for passive absorption. Loop diuretics
bumetadine and furosemide, by inhibiting the Na�/K�/
2Cl� cotransport, decrease the transpithelial voltage and
diminish the absorption of Ca2� and Mg2� with a conse-
quent increase in their excretion (58).

In the distal convoluted tubules Ca2� enters the cells
through the Ca2� channels of the apical membrane. Its
efflux is presumably mediated by the plasma membrane
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Figure 5 Nomogram for determination of renal threshold Pi concentration, TmP/GFR. TmP/GFR is obtained by drawing a
straight line from the serum Pi concentration on the left vertical scale through the value on the lower diagonal scale of the
quotient of Pi and creatinine clearances (CPO4 /Ccreat) [calculated as (U-P � S-Cr)/(S-P � U-Cr), where U stands for urine, P for
Pi, S for serum, and Cr for creatinine]. The point of intersection of that line and the right vertical scale indicates the value of
TmP/GFR. On the vertical scales the outer scales are in mg/100 ml and the inner scales in mmol/l. For reference values see
Table 1. (From Ref. 51.)

Ca2�-ATPase pump and an Na�–Ca2� exchanger. There is
no paracellular absorption. This is the major site of the
Ca2�-retaining action of PTH. It stimulates the apical en-
try of Ca2� through the Ca2� channels. This action hyper-
polarizes the membrane voltage. These effects of PTH re-
quire the activation of both protein kinases A and C . The
thiazide diuretics and amiloride stimulate the Ca2� trans-
port and membrane voltage in the distal convoluted tu-
bules similarly to the effects PTH (58).

The distal Ca2� reabsorption mechanism is saturable,
independent of Na� transport, but dependent on the Ca2�-
sensing receptors that are abundant there (59). Saline di-
uresis (except when induced by thiazide diuretics) is ac-
companied by an increase in Ca2� excretion, because the
distal reabsorptive capacity is overwhelmed by the in-
creased distal delivery of Ca2�. Only the distal reabsorp-

tion is adjusted by PTH (23, 25). Patients with HP, when
normocalcemic while taking calciferol medication, excrete
about threefold more Ca� than normal subjects (25, 64).

B. Effects of Extracellular Ca2� and Mg2�

Extracellular homeostasis of Ca2� is also maintained by a
short-loop feedback mechanism involving a direct effect
of Ca2� on the nephrons. Ca2�-sensing receptors are pres-
ent in the basolateral membrane of the tubular cells in the
thick ascending limb of the loop of Henle. Activation of
these receptors by elevated concentrations of Ca2� (or
Mg2�) in the peritubular compartment inhibit the reab-
sorption of Ca2� and Mg2�, thus increasing the urinary
excretion of Ca2�, Mg2�, Na�, and Cl� (59). The high
transtubular voltage gradient generated by the luminal
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Na�/K�/2Cl� transporter is important for the reabsorption
of Ca2� and Mg2�. Activation of the apical CaR stimulates
phospholipase C, leading to release of arachidonic acid,
metabolites of which inhibit the apical K� channel and
may also inhibit the Na�/K�/2Cl� transporter. This results
in a marked reduction of the transluminal voltage, leading
to a decrease in the paracellular transport of Ca2� and
Mg2�. Activation of the CaRs also inhibits the PTH-stim-
ulated adenylyl cyclase, reducing the cAMP-mediated
transport of Ca2� and Mg2�. These actions explain the
steep relationship between extracellular Ca2� and urinary
Ca excretion. Increased extracellular Ca2� thus leads di-
rectly to increased urinary excretion of Ca2�, and vice
versa (60). Because CaR is activated by Mg2�, hypermag-
nesemia leads to a renal loss of Ca2� even during hypo-
calcemia (61).

The CaRs are also present on the apical and luminal
membranes of the inner medullary collecting ducts, where
their activation inhibits the vasopressin-mediated increase
in water permeability (62). The inhibition of the
Na�K�2Cl� cotransporter in the thick ascending limb re-
duces the medullary hypertonicity and hence the effec-
tiveness of the countercurrent mechanism, thus further
reducing the urine concentrating ability (60). This results
in dilution of urine, which helps to prevent nephrolith-
iasis.

The CaRs are also activated by polycationic com-
pounds such as neomycin and gentamicin. This may ac-
count for the effects of these drugs on the kidney, includ-
ing nonoliguric renal failure, perhaps due to impairment
of the vasopressin-sensitive renal concentrating mecha-
nism via activation of the CaR of the collecting ducts.

Also, extracellular Ca2� participates in the control of
the production of calcitriol by the proximal tubule, inde-
pendent of PTH. Hypercalcemia reduces this production.
This effect is probably mediated by the CaRs.

C. Effects of Calcitriol

Calcitriol suppresses the synthesis of the 1-hydroxylase
and induces the synthesis of 24-hydroxylase in the cells
of the proximal tubules.

Both PTH and calcitriol are needed for the normal
control of the fractional Ca2� excretion (63). Calcitriol
seems to have no role in the proximal mechanism of Ca2�

absorption. In contrast, all the components of the transport
of Ca2� that are genomically regulated by calcitriol are
located within the distal segments of the nephron. Their
roles appear to be identical here and in the intestine
(Sec. VI.).

Calcitriol does not appear to exert a direct influence
on TmP, but it has a permissive role in the phosphaturic
effect of PTH. When used in the treatment of HP, vitamin
D sterols reduce Pi reabsorption from elevated to normal
levels. This results largely from an increase in plasma
Ca2�, which directly reduces proximal tubular Pi reab-
sorption. Calcitriol may be involved in the inherent ability

of the nephrons to adapt to altered plasma Pi levels. This
adaptability is independent of PTH, but appears to be
more efficient in the presence of calcitriol than in its ab-
sence (49).

V. THE SKELETON

The skeleton serves as a store of the Ca and Pi ions
through two metabolic systems: the homeostatic and the
remodeling system. The main regulators of both systems
are PTH and calcitriol. Both PTH and calcitriol exert dual
actions, which provide a basis for coupling of the bone
formation and the bone resorption processes. In the ho-
meostatic system the surface osteocytes alter on a minute-
to-minute basis the flux of mineral between the skeletal
surface compartment and the extracellular fluid. The re-
modeling system consists of osteoclasts resorbing old
bone and osteoblasts laying down new bone.

PTH activates the adenylyl cyclase and stimulates
proliferation in the chondrocytes and chondroprogenitor
cells. It stimulates bone formation and increases bone
mass. This effect is mediated by the insulin-like growth
factors IGF-I and IGF-II, and by TGF �, which are re-
leased during osteoclastic bone resorption. PTH binds to
osteoblasts that are actively laying down bone matrix, and
inhibits synthesis of collagen type I. Also, it inhibits mat-
uration of osteoblast precursors. On the other hand, PTH
stimulates bone resorption by increasing the activity and
number of osteoclasts. These cells lack receptors of both
PTH and calcitriol, and their response to these hormones
depends on contact with osteoblasts. In vitro, PTH53-84

stimulates glucocorticoid-primed osteoblast alkaline phos-
phatase activity, and inhibits the mitogenic effect of
PTH1-34 on mouse cartilage explants. PTH regulates both
these systems with calcitriol in a permissive role, espe-
cially in the homeostatic system (64). During sustained
hypocalcemia these hormones inhibit the osteoblastic
bone formation while activating the osteoclasts and in-
creasing their number.

Calcitriol is essential for the development and main-
tenance of mineralized skeleton. Its major targets are os-
teoblasts and their precursors: stromal cells and preos-
teoblasts. It regulates the genes associated with osteoblast
proliferation and differentiation, and enhances the expres-
sion of the genes that are specific markers of mature os-
teoblasts. Induction of interleukin-11 by calcitriol appears
to mediate its effect on the osteoblastogenesis (65). On
the other hand, calcitriol mobilizes Ca stores by inducing
the dissolution of bone mineral and matrix (66). It induces
bone resorption by enhancing osteoclastogenesis and os-
teoclast activity. It recruits undifferentiated stem cells in
the bone marrow to become osteoclasts. Calcitriol appears
to induce release of osteoblast-derived resorption factors
that stimulate osteoclast activity (67). For that, osteo-
clast–osteoblast cell contact is required. Calcitriol appar-



Hypoparathyroidism and Mineral Homeostasis 429

ently induces mineralization simply by maintaining the
circulating concentrations of Ca2� and Pi.

The role of 24,25-(OH)2D3 in bone metabolism is
controversial.

Modest elevations of plasma concentrations of calci-
triol (e.g., to 70 pg/ml) are not associated with hypercal-
cemia, which only develops with elevations to the range
of 125 pg/ml (1).

VI. THE INTESTINE

One of the main functions of calcitriol is to enhance the
efficiency of the small intestinal Ca and Pi ion absorption
(32, 68). These are absorbed along the entire small intes-
tine, but calcitriol primarily stimulates the Ca2� transport
in the duodenum, and the Pi absorption in the jejunum
and ileum. The absorption of Ca2� is precisely regulated
according to the needs of the body, and calcitriol is the
only hormone known to stimulate it directly. PTH is in-
volved only as the regulator of the synthesis of calcitriol.
Calcitriol enhances the entry of Ca2� through the plasma
membrane into the absorptive cell, its movement through
the cytoplasm, and its transfer across the basolateral mem-
brane into the circulation.

Calcitriol regulates the absorption at the brush-border
membrane by rapid nongenomic mechanisms. It is pre-
sumed to increase the fluidity of the microvillus mem-
brane, which allows Ca2�channels to move to the cell sur-
face and enhance the Ca2� uptake at the membrane. A
VDR-mediated induction of various brush-border proteins
follows. These include the Ca2�-binding calmodulin, cal-
bindin D9K, brush-border bound calbindin D28K, an inte-
gral brush-border protein, and alkaline phosphatase. The
calbindins bind Ca2�, because they possess a much greater
affinity than the brush-border membrane to the Ca2�. They
facilitate the entry of Ca2� by decreasing its concentration
adjacent to the brush-border. The calbindins also function
as intracellular Ca2� translocators and Ca2�-buffering
agents, thus facilitating the intracellular diffusional trans-
fer of Ca2� to the basolateral membrane. When the Ca2�-
bound calbindin reaches the basolateral membrane, it re-
leases the Ca2� to the plasma membrane Ca2� pump,
which has an even greater affinity to the Ca2�. The Ca2�

must be pumped into the extracellular fluid against an
electrochemical gradient by an energy-requiring, Na�-de-
pendent process. Calcitriol stimulates the expression of
the plasma membrane Ca2� pump and the Na�/Ca2� ex-
changer. Calmodulin and calbindin stimulate the activity
of the Ca2� pump. Also, activation of the Ca2�-channels
appears to be important for the extrusion of the Ca2� from
the basolateral membrane into the general circulation.

Calcitriol also increases active Pi transport. This is
independent of the Ca2� transport and less dependent on
calcitriol. In the absence of calcitriol, Pi is absorbed at
half-normal rate. Na� is required at the brush-border sur-
face, and an Na�/Pi cotransporter moves luminal Pi uphill

into the cell, using the energy from the downhill Na� gra-
dient. Calcitriol appears to stimulate Pi transport by in-
ducing the synthesis of additional cotransporter units and
by decreasing the permeability of the brush-border mem-
brane to Na�, thus helping to maintain the gradient re-
quired for the uphill Pi transport.

Net Ca2� absorption normally averages about 20% of
the Ca2� intake, but can vary over the range of 15–75%,
depending on the calcitriol status. The absorption of Pi
and Mg2� is a linear function of their dietary intake (69).
Both are absorbed predominantly by (separate) active car-
rier-mediated transport mechanisms, and by passive dif-
fusion. The proportion absorbed is about 3fold larger for
Pi than for Ca2�.

VII. CALCIUM, PHOSPHATE, AND
MAGNESIUM IN PLASMA

A. Calcium

The total content of Ca in normal human plasma (Table
1) consists of three fractions: approximately 47% is free
Ca2�, another 47% is protein-bound (70% of it being
bound to albumin), and 6% is complexed to phosphate,
citrate, and bicarbonate, and freely diffusible through
membranes. The free Ca2� is the regulated, physiologi-
cally important fraction.

The regulation of the plasma Ca2� concentration is so
precise that it normally fluctuates by less than 0.025
mmol/l (0.1 mg/dl) in either direction from its so-called
set value. The skeletal and renal effects of PTH make up
a fast-acting short-loop feedback system. The renal–in-
testinal effect provides a slower (12–24 h) long-loop feed-
back system (1).

The binding to albumin is pH-dependent: the concen-
tration of Ca2� decreases in acute alkalosis and increases
in acute acidosis. If plasma albumin concentration de-
creases by 50%, the total Ca concentration is reduced by
about 20%. Also, for every 10 g/l (g/dl) reduction in
plasma albumin, the total Ca decreases by approximately
0.25 mmol/l (1.0 mg/dl). These changes as such do not
alter the Ca2� concentration. Total Ca varies little with
age, the actual extent depending on the protein concentra-
tion.

A decrease in the concentration of Ca2� increases Na�

permeability and enhances the excitability of all excitable
cells. An increased concentration has the reverse effect.

Hypocalcemic challenges are of varying severity. A
12–15 h fast is a mild challenge. Because of continued
loss of Ca2� loss via the urine, its plasma concentration
decreases slightly and is rapidly corrected by increased
entry from the kidneys and skeleton, induced by a minor
increase in PTH secretion (Fig. 6). A stronger challenge,
such as an extra urinary loss of Ca2� after administration
of a high dosage of furosemide, calls for a moderate in-
crease in PTH secretion; part of the response is an in-
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Figure 6 Sequence of adjustments (long arrows) in re-
sponse to hypocalcemia. The short arrows indicate directions
of changes in concentrations in the extracellular fluid (mid-
dle), in release from the skeleton (left), in retrieval in the
kidneys, and in absorption from the intestine (right).

crease in the synthesis of calcitriol. The increased PTH
activity also decreases the renal reabsorption of Pi and
this rids the extracellular fluid of the extra Pi. The plasma
levels of Ca2� and Pi are thus normalized, but a mild
secondary hyperparathyroidism persists, with the im-
proved intestinal absorption of minerals replacing what
was initially mobilized from the skeleton.

Hypercalcemia, even a slight rise in plasma Ca2�, is
combatted by suppression of the PTH secretion. This
leads to an increased urinary loss of Ca2�, and a reduced
entry of minerals from the skeleton and, with prolonged
hypercalcemia, through suppression of the synthesis of
calcitriol, from the intestine. The hypercalcemia raises the
concentration of calcitonin in plasma. Calcitonin directly,
in minutes, inhibits osteoclastic bone resorption. However,
it does not appear to contribute in an important way to
the protection against hypercalcemia. A limit to the pro-
tection against hypercalcemia is set by the excretory ca-
pacity of the kidneys. This may be impaired by a vicious
cycle based on the fact that hypercalcemia leads to ex-
cessive urinary loss of water and hence tends to cause
dehydration.

B. Phosphate

Plasma Pi concentration is more variable than the Ca con-
centration. It is influenced by age (Table 1), diet, and
some hormones. No known endocrine factor protects it as
a primary function. An adequate ion-product of Ca2� and
Pi is required for normal mineralization of the skeleton.
Of the total plasma Pi about 52% is ionized; 35% is com-
plexed to Na�, Ca2�, and Mg2�; and 13% is protein-
bound. The role of the kidneys is paramount in the main-

tenance of a normal plasma Pi level, which tends to be
close to TmP/GFR (Sec. IV.A.; Fig. 5).

A decrease in plasma Pi leads to an activation of the
renal synthesis of calcitriol and thereby to an increased
intestinal absorption of Ca and a slight rise in its plasma
level. Suppression of PTH secretion follows, leading to a
reduction of the renal Pi clearance and an enhancement
of Ca clearance. Within 3–4 days of phosphate with-
drawal, its excretion may be virtually abolished and even
the phosphaturic response to exogenous PTH becomes
blunted. An excess of plasma Pi is cleared rapidly by nor-
mal kidneys, because the filtered Pi load exceeds the renal
threshold.

C. Magnesium

The plasma concentration is less narrowly regulated for
Mg2� than Ca2�. It is determined principally by the renal
threshold for Mg excretion. Roughly one-third is protein
bound, 15% is loosely complexed with Pi and other ani-
ons, and 55% is free Mg��. Extracellular Mg is critical
for normal neuromuscular excitability and nerve conduc-
tion. The mechanisms of Mg homeostasis are poorly un-
derstood. PTG responds similarly to changes in plasma
Mg�� than to changes in plasma Ca2�, but less sensitively.

VIII. MANIFESTATIONS OF DEFICIENT
PARATHYROID HORMONE ACTION

A. Chemical Effects

Deficiency of PTH action leads to a decrease in the pro-
duction of calcitriol, resulting in a bihormonal deficiency.
Hypocalcemia and hyperphosphatemia are pathognomonic
to frankly deficient PTH action. The hypocalcemia results
from reduced osteocytic Ca transfer due to both deficien-
cies, a decrease in PTH-dependent osteoclastic bone re-
sorption and distal tubular Ca reabsorption, and impaired
intestinal Ca absorption due to calcitriol deficiency. The
hyperphosphatemia is caused by increased renal tubular
Pi reabsorption due to the absence of its adequate inhi-
bition by PTH. The hyperphosphatemia further lowers cal-
cemia by physicochemical means and by further reducing
calcitriol synthesis.

1. Hypocalcemia
Severity of deficiency of PTH action varies. Conse-
quently, plasma Ca concentration in different patients
ranges from 1.25 mmol/l (5 mg/dl) to normal (70). In all
cases the stability of the plasma Ca level is impaired. It
fluctuates with changes in Ca intake and reciprocally with
changes in plasma Pi concentration (71). Even in the mild-
est cases the reserve capacity of the calcemia homeostatic
system is limited, but normocalcemia is maintained by its
maximal activity. In the next degree of severity normo-
calcemia is maintained in normal situations, but periodic
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hypocalcemia ensues with fasting or an otherwise un-
usually low Ca intake, and with excessive phosphate in-
flux from the intestine, or breakdown of intracellular or-
ganic phosphate compounds during febrile illness. With
more severe failure, hypocalcemia is continuous and mi-
nor hypocalcemic factors evoke symptoms.

Hypocalcemic patients are hypocalciuric, although
their Ca excretion is high relative to their plasma Ca level.

2. Hyperphosphatemia
This is a much less constant feature than hypocalcemia,
because less PTH effect is needed to maintain a normal
renal Pi threshold (Sec. IV.A.) than to maintain normo-
calcemia (70), and because Pi flow from the skeleton and
intestine is subnormal owing to the deficiency of PTH
effect.

3. Other
Because deficiency of PTH effect also causes increased
renal reabsorption of bicarbonate, plasma bicarbonate lev-
els and blood pH may be elevated (72). Bone remodeling
is reduced and this is reflected by decreased urinary ex-
cretion of hydroxyproline in a majority of patients (73).
Subnormal levels are usual for plasma osteocalcin but un-
common for alkaline phosphatase (73–75).

B. Clinical Manifestations

The main cause of clinical manifestations (76) of deficient
PTH effect is hypocalcemia, largely as a result of in-
creased irritability of the central and peripheral nervous
systems. Manifestations are more likely to appear when
plasma Ca level is falling rapidly than during steady hy-
pocalcemia. Low concentrations of Mg2� and H� (alka-
losis), and high concentrations of Pi and K� predispose to
tetany. Moderately longstanding hypocalcemia may be
symptomless.

1. Tetany
Tetany refers to a spectrum of manifestations of increased
neural excitability. It ranges from signs evocable by test-
ing (latent tetany), and minor tingling sensations and
numbness of the hands to abdominal pain and major con-
vulsive seizures with loss of consciousness. A typical at-
tack of tetany (2) begins with increasing tingling starting
in the fingertips, around the mouth and sometimes in the
feet, and spreading proximally and over the face. Numb-
ness may follow. The muscles then feel tense and go into
spasm in the same pattern as the sensory symptoms. The
hands and forearms are the parts of the body most com-
monly involved. First, the thumbs become adducted, fol-
lowed in order by flexion of the metacarpophalangeal
joints, extension of the interphalangeal joints, and flexion
of the wrist and elbow: the classic ‘‘obstetrician’s hand’’
posture. The muscle spasm causes pain, which may be
severe. A similar spasm in the feet is less common, with

plantar flexion of the toes, arching of the feet, and con-
traction of the calf muscles. With a severe attack the face
may become involved, with wrinkling of the forehead, a
staring gaze, and pursed lips. Hypocapnia and increased
epinephrine secretion (due to panicking) worsen the tet-
any. Hyperventilation is a common feature of hypocal-
cemic tetany, and hysteria is often incorrectly diagnosed.

a. Atypical Tetany. Patients may experience
cramps, stiffness, or clumsiness. With longstanding hy-
pocalcemia they may have frequent mild paresthesias and
cramps instead of clearly defined attacks of tetany, or may
have carpal spasm only during prolonged use of the hand
and forearm. Symptoms may be provoked by hyperven-
tilation due to emotional stress or exercise. The symptoms
may be exclusively sensory. Limping and falling may oc-
cur as a result of leg spasms. The symptoms may be uni-
lateral. Laryngeal spasm may occur, causing stridor, crow-
ing respiration, and cyanosis. Minor difficulties in
vocalization are not uncommon. Smooth muscle spasms
may cause dysphagia, abdominal pain, biliary colic, and
wheezing with shortness of breath. Persistent diarrhea
may occur (77). Infants are unlikely to develop carpopedal
spasms, but are prone to tremors and twitches.

b. Signs of Latent Tetany. Signs of latent tetany
remain useful in diagnosis and in adjusting therapy.
Chvostek’s sign is elicited by tapping the facial nerve with
a fingertip as a hammer, 1–2 cm anterior to the earlobe
just below the zygomatic process. The response consists
of twitching of the muscles innervated by the facial nerve,
and is graded as level 1 with twitching of upper lip at the
corner of mouth only, level 2 as twitching of the alae nasi
also, level 3 as contraction of the orbicularis oculi also,
and level 4 as contraction of all the muscles of that side.
The relative sensitivity with which these signs are elicited
varies individually. A grade 1 sign is said to be found in
>25% of normal children (76). Trousseau’s sign is evoked
by a sphygmomanometer cuff on the upper arm when in-
flated to above the systolic pressure for up to 3 min. The
sensory and motor manifestations of tetany develop to a
typical carpal spasm within 2 min. In the mildest cases
the patient can overcome the spasm. In the severest, not
even the examiner can overcome it. Only the severe grade
of the sign is abnormal with certainty, since the milder
grade occurs in a small percentage of normal subjects. The
sign depends on induction of ischemia of the ulnar nerve.

c. Seizures. Seizures resembling epilepsy occur.
These are of two distinct types. First, as hypocalcemia
lowers the threshold for pre-existing subclinical epilepsy,
epileptic seizures of any type may occur (78). The other
type consists of generalized tetany followed by prolonged
tonic spasms. It may be preceded by the sensory symp-
toms of tetany. During the seizure there may be tongue
biting, loss of consciousness, incontinence, and postictal
confusion. Hypocalcemia is frequently associated with
characteristic changes in the EEG (79); in severe hypo-
calcemia irregular, sharp spike-and-wave patterns may
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Table 2 Causes of Postneonatal Hypoparathyroidism

Familial isolated PTH deficiency
Autosomal dominant

HP due to constitutionally activated CaR
(hypercalciuric hypocalcemia)

HP due to mutant preproPTH gene
Autosomal recessive
X-linked

APECED
PTH deficiency of dysmorphic syndromes

DiGeorge malformation complex
Monosomy 22q11.2
Partial monosomy 10p

Autosomal recessive syndromes of Kenny-Caffey and
Sanjad-Sakati

Autosomal dominant syndrome of Kenny-Caffey
Other syndromes

Other congenital isolated PTH deficiency
Transient PTH deficiency

Critical illness
Transient congenital hypoparathyroidism
Maternal hyperparathyroidism
Magnesium depletion
Toxic influence

Other acquired PTH deficiency
Surgical removal or lesion of PTG
Radiation damage
Infiltration of PTG

Pseudohypoparathyroidism
Type Ia
Type Ib
Type Ic
Type II

appear. These changes may not disappear for some days
after restoration of normocalcemia, and abnormal back-
ground activity may continue for several weeks.

2. Other

a. Basal Ganglion Calcification and Extrapyrami-
dal Signs. In patients with HP or, especially, PHP un-
treated for many years, small irregular calcifications may
be seen in the basal ganglia in skull radiographs, and par-
ticularly on computed tomographic scans (80). These le-
sions may cause various extrapyramidal signs, including
choreoathetosis, dystonic spasms, and classic parkinson-
ism.

b. Papilledema and Raised Intracranial Pressure.
In longstanding untreated HP there may be swelling of
the optic discs. This may occur within as little as 2 weeks
after the onset of HP as seen following thyroid surgery. It
is moderate in degree (<4 diopters) and unaccompanied
by hemorrhage or impaired vision. It may lead to suspi-
cion of an intracranial tumor. The papilledema usually be-
gins to subside within a few days of normocalcemia, but
may take several weeks to disappear.

c. Psychic Disorders. Impaired mental functioning
occurs in patients with longstanding HP or PHP. Psychi-
atric disorders of many kinds have also been described.

d. Dermal and Dental Changes. The skin may be
dry and scaling, the nails brittle and fissured, and the hair
coarse, dry, fractured, and easily shed. Eruption of teeth
may be delayed and their roots may be blunted. These
nail and tooth changes are distinct from the ectodermal
dystrophy of autoimmune polyendocrinopathy–candidia-
sis–ectodermal dystrophy (APECED; Sec. XI.A.).

e. Cataracts. Lenticular cataracts are a common
complication of chronic hypocalcemia. They first appear
as discrete punctate or lamellar opacities in the cortex,
separated by a clear zone from the capsule (81). They may
occur in distinct layers, more in the posterior pole than
the anterior, and within 5–10 years they become conflu-
ent, with total opacification of the lens. Control of hypo-
calcemia arrests their progression.

f. Cardiovascular and Muscle Disorders. Hy-
pocalcemia delays ventricular depolarization and prolongs
the Q-Tc and ST intervals on the electrocardiogram. A 2:
1 heart block may occur. Ca2� exerts a positive ionotropic
effect on the myocardium, but hypocalcemia rarely causes
clinical cardiac problems. However, congestive heart fail-
ure does occur in children with HP (82) and sudden death
due to ventriculal arrhythmia is possible.

Myopathy, in the mildest cases reflected by markedly
supranormal plasma creatine kinase levels, has been re-
ported in several hypocalcemic patients (83, 84).

IX. CAUSES OF HYPOPARATHYROIDISM

Congenital HP may be due to hyperfunction of the CaR,
a specific defect in the synthesis or processing of PTH,

and aplasia or hypoplasia of PTG. PTG aplasia and hy-
poplasia occur as isolated defects and as part of malfor-
mation syndromes. Depending on its severity, congenital
HP may manifest neonatally or only (even several years)
later. Late manifestation may be due to failure of growth
of hypoplastic PTG. Hence it may be difficult to differen-
tiate between inborn and acquired forms of HP, and the
inborn defects should be considered in cases of HP mani-
festing at any age (77). Acquired HP may be due to auto-
immune destruction or other kinds of damage to PTG, and
transient disturbances of the function of PTG (Table 2).

X. FAMILIAL ISOLATED
HYPOPARATHYROIDISM

The criteria of this heterogeneous group include no
demonstrable anatomical cause, no evidence of APECED,
no developmental defects that might indicate an embryol-
ogical disorder such as familial branchial pouch dysge-
nesis, and undetectable or subnormal plasma levels of im-
munoreactive PTH. Age at manifestation varies even
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within pedigrees, often from newborn to adult (85, 86),
or there may be no manifestation at all (87).

A. Autosomal Dominant
Isolated Hypoparathyroidism

1. Hypercalciuric Hypocalcemia (MIM 146200)
This, apparently the commonest entity of autosomal dom-
inant isolated HP, is caused by mutations leading to con-
stitutionally activated CaR (Sec. II.A.) (88–90). Severity
of the phenotype varies depending on the mutation, and
even within families. Several patients have had seizures
already in the first week of life, others show symptoms
only in adulthood or no symptoms at all. At least 12 ac-
tivating mutations have been observed, most of them in
the extracellular domain of the CaR (89–91), and at least
five in the transmembrane domains or the intervening ex-
tracellular loops (92). These mutant CaRs show a leftward
shift and higher maximum in the dose–response curve for
extracellular Ca2�-activated accumulation of IP3, indicat-
ing that these mutant receptors have increased activity and
probably increased activity per receptor than the wild-type
receptor (93). The setpoint for maintenance of plasma
Ca2� levels is subnormal and plasma PTH levels are main-
tained subnormal for the level of Ca2�. Besides familial
occurrence, at least five sporadic cases have been re-
ported, with de novo mutations (91, 94, 95).

In a series of six kindreds, 11 of a total of 20 affected
members had carpopedal spasms or childhood seizures
(90). Two of them had calcifications of the basal ganglia,
and in one of those the seizures continued to adult life.
The other nine affected subjects had asymptomatic hy-
pocalcemia; 16 subjects also had hypomagnesemia. Most
of them (84%) were hyperphosphatemic. Serum PTH con-
centration was within normal range, but low for the hy-
pocalcemia. Urinary Ca excretion was either inappropri-
ately within the normal range or supranormal at the time
of the initial diagnosis. In all the patients it was supra-
normal for the level of calcemia, and higher than in un-
treated subjects with idiopathic or postoperative HP and
similar levels of hypocalcemia. Conventional treatment
with vitamin D preparations frequently led to overt hy-
percalcemia, with renal calcification and impairment. This
was probably due to presence of the abnormally active
CaRs in their distal tubules, with reduced reabsorption of
Ca2�. Some of the patients even developed polyuria and
polydipsia during normocalcemia, probably due to the
presence of the abnormal CaRs in the collecting ducts
leading to subnormal water permeablity. Some of the pa-
tients experience hypercalcemic symptoms, polydipsia,
polyuria, and weakness at serum Ca2� levels approaching
the lower limit of normal (92).

2. HP Due to Mutant PreproPTH Gene
(MIM 2212001)

A point mutation in the preproPTH gene has been ob-
served in a father and two of his (six) children with au-

tosomal dominant HP, resulting in disruption of the hy-
drophobic signal sequence. It is presumed to impair
translocation of the preproPTH molecule across the en-
doplasmic reticulum (86, 96). The children had hypocal-
cemic seizures in infancy. The father had no history of
hypocalcemic symptoms, and his failing Ca2� homeostasis
appeared only as a subnormal plasma PTH response to
hypocalcemia induced by an EDTA infusion test.

B. Autosomal Recessive Isolated
Hypoparathyroidism (MIM 241400)

Two kindreds with autosomal recessive isolated HP have
been published, each with a mutation in the PTH gene.
In one kindred, each of the three affected members ex-
perienced hypocalcemic seizures in the neonatal period
and had undetectable circulating PTH concentrations with
normal renal response to PTH1-38. A donor splice mutation
was detected at the exon 2–intron 2 boundary, resulting
in loss of exon 2 in the PTH mRNA. As exon 2 encodes
the initiation codon and the signal peptide, loss of this
exon presumably prevents translation of the PTH mRNA
and translocation of the peptide. Affected members of the
kindred were homozygous for this mutation (97).

In another large pedigree, HP manifested with sei-
zures in the neonatal period or infancy. It was associated
with a homozygous point mutation in exon 2 of the PTH
gene, located at the first nucleotide of position 23 in the
25-amino acid signal peptide. Since this is the �3 position
in the signal peptide, the resulting prepro-PTH mutant is
presumably not cleaved by signal peptidase at the normal
position, and it might be degraded in the rough endo-
plasmic reticulum (98).

C. X-Linked Isolated Hypoparathyroidism
(MIM 307700)

Two large kindreds with X-linked recessive isolated HP
have been reported from eastern Missouri (99, 100). Only
male subjects were affected; they had hypocalcemic sei-
zures starting in the neonatal or early infantile period. Cir-
culating immunoreactive concentrations of PTH were un-
detectable, and renal response to bovine PTH was normal.
In a careful search at autopsy of one of the patients who
died accidentally as a teenager, no PTH tissue could be
identified (101). The mutant gene, which thus appears to
cause defective development of PTG, was localized to
Xq26–27 (102).

XI. AUTOIMMUNE
POLYENDOCRINOPATHY–
CANDIDIASIS–ECTODERMAL
DYSTROPHY (APECED) (MIM 240300)

This condition has been given many names, most com-
monly type I autoimmune polyglandular disease/syn-
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drome (103). I prefer the term APECED (73), because it
includes the two identifying features and does not include
specific endocrinopathies (none is constant) (104). This
autosomal recessive disease (105, 106) manifests as a
widely variable combination of three groups of compo-
nents (104, 107): autoimmune destruction of tissues, pre-
dominantly endocrine glands; consequences of a partial
defect of cell-mediated immunity, most commonly
chronic superficial candidiasis; and ectodermal dystrophy.

A. Clinical Picture

The commonest components are mucocutaneous candidi-
asis, HP, and adrenocortical insufficiency, but more than
10 other components may occur. The following descrip-
tion is mainly based on my experience with 89 Finnish
patients (104, 120, 120a).

1. Endocrinopathies
HP appeared at an age varying from the 1st year to the
5th decade of life, with peak incidence at 2–11 years. Its
prevalence gradually reaches 86% (Table 3). It remained
the only endocrinopathy in 20% of our patients at the age
20 years and in 18% at 30. Several patients had experi-
enced vague tetany for a few years before the diagnosis.
In some patients we observed progression of HP from
latent to severe over a few months. Addison’s disease ap-
peared from the 4th year to the 5th decade, with peak
incidence at 4–12 years. Its prevalence reaches 79% (Ta-
ble 3). It remained the only endocrinopathy in 8% of our
patients at the age of 20.0 years and 11% at 30.0. Defi-
ciences of cortisol and aldosterone appeared even 5 years
apart. Type I diabetes mellitus appeared at the age of 4–
58 years, with highest incidences in the second, fourth,
and fifth decades. Hypogonadism develops eventually in
more than two-thirds of female patients and in one-quarter
of males. It was due to autoimmune gonadal atrophy in
all except one male patient, who had gonadotropin defi-
ciency. Male infertility due to antisperm antibodies does
also occur. Hypothyroidism rises eventually in prevalence
to 18%. Parietal cell atrophy appears to reach one-third
prevalence by the age of 40 years, with peak incidence at
around 15 years. Pituitary hormone deficiencies occur,
mostly singly. Growth hormone deficiency occurred in 4%
of our patients (in one with adrenocorticotropic hormone
[ACTH] deficiency), and several others are on record.
Three patients have been reported with central diabetes
insipidus (108–109), and two patients with ACTH defi-
ciency (110).

2. Other Autoimmune/Possibly
Autoimmune Components

Alopecia was present in 33% of our patients, by the age
of 2.5–30 years, being the first or part of the initial man-
ifestation in 2%. Vitiligo of highly variable extent ap-
peared in 21% of our patients at the age of 1.7–47 years.

In a few patients the spots faded, but in most patients they
grew larger with time.

Gastrointestinal disorders are common. Autoimmune
hepatitis is the most dangerous of all the common com-
ponents of APECED. It was evident at the ages of 0.7–
16 years in 17% of our 89 patients. Of them three died
of fulminant hepatitis within 2 months, despite intensive
therapy. Six other patients had clearly elevated serum lev-
els of alanine aminotransferase, which subsided without
immunosuppressive medication. Cholelithiasis may occur
(112).

Sjögren syndrome was reported in 12% of a series of
41 patients and scleroderma in one patient (108). One of
our patients died of complications of rapidly advancing
rheumatoid arthritis. Eight (9%) of our pediatric patients
experienced over several months a flashing rash, often as-
sociated with peaks of fever. Several cases of autoimmune
hemolytic anemia are on the record (108), including one
of our patients. Several patients with acquired splenic at-
rophy have been reported (108, 112, 113, 120a). Intersti-
tial nephritis occurred in 7% of our patients; two of them
needed a donor kidney.

Of our patients 16% had prolonged periods of watery
or fatty diarrhea. Specific diagnosis was reached only in
a few of them. Most of the patients with watery diarrhea
had HP and they experienced periods of a vicious cycle
of diarrhea and hypocalcemia. Of note, a patient’s intrac-
table diarrhea and therapy-resistant hypocalcemia re-
sponded to high dosage intravenous methylprednisolone
and maintenance oral methotrexate (114). Atrophy of the
exocrine pancreas with insulin deficiency occurred in one
patient. Two other such cases are on record (115, 116); in
one fat excretion responded to immunosuppressive med-
ication (116). The chronic diarrhea of a 12-year-old pa-
tient of ours was caused by defective bile acid reabsorp-
tion and controlled with cholestyramin therapy. Intestinal
lymphangiectasia was reported as a cause of diarrhea in
one patient (117).

3. Ocular Disease
Keratopathy may be a serious problem and calls for in-
tensive local medication with glucocorticoid and often an-
timicrobials. Of our patients 22% showed keratopathy at
the ages of 1.0–16 years. Five of them became blind. The
early symptoms are intense photophobia, blepharospasm,
and lacrimation (Fig. 7). In 10% of our patients kera-
topathy was the first or part of the initial manifestation of
APECED, or the second only to oral candidiasis. Less
common eye manifestations include recurring irodocycli-
tis, optic atrophy, retinal detachment, and severe dry eye
(111).

4. Nonautoimmune Components
Candidiasis involves the mouth first, appearing in the
mildest cases as intermittent soreness of mouth corners
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Table 3 Prevalences (%) of the Common Componentsa of APECED, Estimatedb from Finnish Series of 89 Patients
(45 males)

Component

Age (years)

1 2 5 10 15 20 30 40 Age range at appearance

Hypoparathyroidism 0 6 33 64 78 84 85 86 1st year to 5th decade
Hypoadrenocorticism 0 0 8 39 63 71 77 79 3 years to 5th decade
Diabetes mellitus 0 0 2 3 6 10 14 23 4 years to 6th decade
Hypothyroidism 0 0 0.6 1.5 2.4 5 11 18 4 to 32 years
Ovarian atrophyc 39 57 64 72 up to 36 years
Male hypogonadismd 9 18 26 15 to 37 years
Pernicious anemiae 0 0 0 2 10 17 20 31 6 years to 5th decade
Hepatitisf 1 2 4 11 15 17 17 17 1st year to 16 years
Candidiasisg 24 41 63 79 93 95 98 100 1st year to 3rd decade
Keratitish 0 4 9 16 21 22 22 22 1st year to 16 years
Alopecia 0 0 4 15 29 34 40 40 2 to 30 years
Vitiligo 0.5 1 2 8 15 19 22 26 1st year to 5th decade
Diarrheai 0 0 6 11 12 12 18 18 2 years to 3rd decade
Severe obstipationi 1 1 5 6 10 15 15 21 1st year to 4th decade

aPrevalences of the components of ectodermal dystrophy are only known for a subgroup of 68 patients of various ages: enamel hypoplasia of
permanent teeth 77%, pitted nail dystrophy 52%, and calcium salt deposits of the tympanic membranes 33% with no history of middle ear
disease (Ahonen et al., 1990).
bEstimated from the observed incidence rates over the age intervals, assuming that all the patients live until the age of 40 years.
cPrimary amenorrhea in 52%, secondary in 48%, prevalence known from age 15 only.
dPrevalance known only from age 20.
eIncludes (2 of 21) patients without clinical disease but with circulating antibodies against parietal cells and/or intrinsic factor.
fIncludes three patients who died of fulminant hepatitis.
gThe early oral candidiasis may easily be unnoticed, the earliest figures are hence probably too low.
hOne third of these patients developed blindness or severely impaired vision.
iChronic or periodic diarrhea/obstipation. Three of 89 patients had alternating periods of both.
Source: Perheentupa, unpublished.

(angular cheilosis) (Fig. 7). Its peak incidence is over the
first year of life. In some patients it appears late, and in
our series the prevalence of 100%, intermittent cases in-
cluded, was not reached until the fifth decade of life (Ta-
ble 3). Mild oral candidiasis may remain unnoticed, hence
its prevalence figures at early ages, as reported in the lit-
erature, are probably erroneously low. More severe forms
include an acute inflammation of most of the oral mucosa,
hyperplastic chronic candidiasis with thick white coating
of the tongue, and atrophic disease with scant coatings
and a scarred thin mucosa with leukoplakia-like areas
(118). This chronic condition is carcinogenic; four of our
patients had evidence of epithelial carcinoma of the oral
mucosa at the age of 27–45 years, and three of them died
of it. Hence, candidiasis should be carefully evaluated and
suppressed by good dental care and oral hygiene, and lo-
cal and systemic antimycotics. Candidal esophagitis is
painful and may cause strictures. Intestinal mucosal can-
didiasis may manifest as abdominal pain, meteorism and
diarrhea. The infection may spread to the skin of the face
and hands, and to the nails. Postpubertal female patients
often experience candidal vulvovaginitis.

5. Ectodermal Dystrophy
The most frequent component of ectodermal dystrophy
(Fig. 7) is enamel hypoplasia of permanent teeth (118,
119), which affects three-quarters of our patients (104).
Pitted nail dystrophy is present in one-half and tympanic
membrane calcium salt deposits in one-third of our pa-
tients.

6. Individual Variation
The clinical picture varies also very widely in aspects
other than age at appearance of the individual disease
components. In our series the total number of component
diseases varies from 2 to 10 (median 4), and the number
of endocrine components from 1 to 5 (median 2). The so-
called classic triad of candidiasis, HP, and adrenal insuf-
ficiency was present in 50% of the patients at the age of
20.0 years, in 55% at 30.0, and 40% at 40.0 years.

The first components to appear as part of the initial
clinical picture were candidiasis in 54%, HP in 31%, ad-
renal insufficiency in 6%, keratopathy in 7%, chronic di-
arrhea in 7%, alopecia in 2%, flashing rash with fever in
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Figure 7 Ectodermal manifestations of APECED. a. Keratopathy and angular cheilosis. b. Hyperplastic chronic candidiasis of
the tongue with angular cheilosis. c. Enamel hypoplasia in permanent teeth. d. Pitted nail dystrophy of second, fourth, and fifth
fingers with eroding nail candidiasis of the thumb.

2%, hepatitis in 1%, and vitiligo in 1%. Of the endo-
crinopathies the first one was HP alone in 64% and ad-
renal insufficiency alone in 27%, HP and adrenal insuffi-
ciency together in 6%, GH deficiency in 1%, and
hypothyroidism in 1%.

B. Follow-Up

For a review of the follow-up for HP, see Sec. XVII.B.7.
Patients with the diagnosis of APECED should receive
written information about the possibility and symptoms of
further disease components with instructions on where to
turn in case they appear. Later, it is necessary to check
repeatedly that the patient has adopted this information.
The patient should be examined at least once or twice
annually for the possibility of new disease components:
thorough anamnestic details and physical examination in-
cluding search for oral candidiasis, search for antibodies,
and determination of serum levels of Ca, Pi, Na, K, ala-
nine aminotransferase, ACTH, TSH and the GnHs, plasma
renin activity, and blood glycohemoglobin, as appropriate
in the patient’s situation.

C. Immunology

A limited T-cell defect appears to be part of APECED
(120). It is reflected by cutaneous anergy or weak delayed-
type hypersensitivity reactions to PPD and Candida an-
tigens, and the high prevalence of mucocutaneous Can-
dida infections. No consistent abnormality of T cells has
been demonstrated in laboratory studies. The destructive
autoimmune attack of endocrine glands appears initially
as infiltration by lymphocytes and macrophages. The pro-
cess is presumed to be T-cell-mediated. Antibodies to cer-
tain antigens of the gland commonly appear in blood,
most frequently antibodies against intracellular enzymes.
The role of such autoantibodies in the destructive process
remains unclear, but they are important as diagnostic mes-
sengers from the process and appear commonly before
clinical hormone deficiency is evident. No antiparathyroid
autoantibodies are recognized. Association with HP of au-
toantibodies against the Ca2�-sensing receptor has been
reported (121), but this finding has not been confirmed.
Such antibodies were not found in any patient of a large
series of our Finnish patients with HP of APECED (Spie-
gel AM, Perheentupa J, unpublished).
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The most frequently found antiadrenocortical anti-
bodies are directed against 21-hydroxylase (P450c21). Al-
though positive results do not always predict Addison’s
disease, this disease is almost always preceded by their
appearance in blood. Anti-P450c21 antibodies are equiv-
alent to antiadrenal antibodies demonstrated by indirect
immunofluorescence (122, 123). Of the other enzymes of
adrenal steroid hormone synthesis, cholesterol side chain
cleavage enzyme (P450scc), 3�OH-steroid dehydrogenase
(3�HSD), and 17�-hydroxylase (P450c17) are also pres-
ent in the ovarian granulosa and theca cells, and the tes-
ticular Leydig cells (124–129). Circulating antibodies
against them predict development of premature ovarian
failure (130). Sera positive by immunofluorescence
against those steroid-producing cells contain antibodies
specific to P450scc, P450c17, and/or (rarely) 3�HSD
(128).

Patients with autoimmune vitamin B12 malabsorption
or so-called pernicious anemia have autoantibodies
against the intrinsic factor or the gastric H�/K�-ATPase.
The latter is the specific antigen to the parietal cell anti-
body detected by indirect immunofluorescence (131, 132).
In the chronic autoimmune hepatitis of APS-1, P450 1A2
may be the specific hepatic autoantigen (133–135).

In alopecia, immunoreactivity has been observed
against differentiating keratinocytes in hair follicle (136).
Antibodies against tyrosine hydroxylase correlated with
presence of alopecia in patients with APS-1 (137, 138),
and antibodies against transcription factors SOX9 and
SOX10 with presence of vitiligo in various patients (137).
Antibodies against tryptophan hydroxylase of intestinal
mucosa correlate with intestinal dysfunction in patients
with APS-1 (139).

D. Genetics

APECED is caused by loss-of-function mutations in both
copies of the AIRE (for AutoImmune REgulator) gene on
chromosome 21q22.3 (140, 141). AIRE contains 14 exons.
It is mainly expressed in subsets of epithelial and mono-
cyte lineage cells in thymus medulla; in rare cells in
lymph node paracortex and medulla, spleen, and fetal
liver; and in very few blood leukocytes. These all are
antigen-presenting cells. Wider expression is disputed, but
it has been also reported in the respiratory system, central
nervous system, endocrine glands, urinary system, and
genitals (142). Human and mouse AIRE promoters include
conserved sites for several transcription factors, which are
thymus-specific or important in hematopoesis (143).

The AIRE protein consists of 545 amino acids. At its
amino terminal is a highly conserved ASS domain nec-
essary for subnuclear targeting and dimerization, which
appears to be essential for its transcription activating ac-
tion (144). The SAND domain is needed for DNA bind-
ing, two plant homeodomain type Zn fingers presumably
serve protein–protein interaction, and two nuclear local-
ization signals and four LXXLL motifs act in nuclear re-

ceptor binding. Human and mouse AIRE proteins are 71%
identical (143, 145). They exist in nucleoplasmic granules,
and occasionally along the cytoplasmic microtubular cy-
toskeleton (146, 147). The protein is an activator of gene
transcription (144, 148), but its exact physiological role
is unknown. It may be involved in determination of thy-
mic stromal organization and thus in the induction of self-
tolerance (149, 150).

To date, some 35 mutations of AIRE have been de-
scribed in patients with APECED, most of them in four
mutational hotspots (116, 141, 144, 151–153). Many are
either missense mutations in the ASS region (presumably
preventing the dimerization of the protein) or nonsense
mutations leading to its truncation. The internationally
most common mutation, C889T, covers almost 90% of the
Finnish APECED genes (140, 144). It leads to a deletion
of both Zn fingers and most of the SAND domain. The
second most common mutation (140, 144), predominant
in the United States (152) and United Kingdom (153), is
a 13 nucleotide deletion, which leads to a protein lacking
the C-terminal third. The predominant Sardinian mutant
protein (154) consists only of the N-terminal fourth. All
the reported Iranian Jewish patients are homozygous for
a missense mutation in a single nucleotide, which disrupts
the dimerization domain (144). In some 10% of the AIRE
genes of clinically ascertained patients, identification of a
mutation has failed (144). These may be mutations of the
promoter region or the introns.

Determinants of the wide variability of the APECED
phenotype are unknown. The Iranian Jewish patients have
been reported to have much less candidiasis and adreno-
cortical insufficiency than other patients (155), which
could depend on their unique mutation. Otherwise the
phenotype variation seems not to depend on nature of the
mutation. The HLA appears not to be a determinant of
the variation, and there are no gender-specific differences.

XII. HYPOPARATHYROIDISM OF
DYSMORPHIC SYNDROMES

A. DiGeorge Malformation Complex
(MIM 188400; DiGeorge Syndrome,
Dysbranchiogenesis, Shprintzen
Velocardiofacial Syndrome, Conotruncal
Anomaly Face Syndrome)

According to the traditional definition, DiGeorge malfor-
mation complex (DMC) is a causally heterogeneous de-
velopmental field defect of the third and fourth pharyngeal
pouches (99). Its main components are hypoplasia of the
PTG, which may present as neonatal tetany or seizures; a
deficit of T cells with susceptibility to infection, due to
hypoplasia or aplasia of the thymus; congenital defect of
the heart or the great arteries, particularly affecting the
outflow tract; and a characteristic facial dysmorphism. At
least three of these four components are required for the
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clinical diagnosis of DMC (156). However, the prevalence
of these components has probably been overestimated, be-
cause DMC has been delineated by studying series of thus
clinically diagnosed patients. Cases are often labeled as
complete (with thymus aplasia) or partial DMC (thymus
hypoplasia). This division does not correlate with pres-
ence or absence of other anomalies, save the fact that PTG
aplasia is commonly associated with thymus aplasia (157).
Patients with complete DMC die early (158). Reliable di-
agnosis of thymic aplasia can only be made at autopsy.

There is disagreement about the names and defini-
tions of this malformation complex. Because approxi-
mately 90% of the patients with the clinical diagnosis of
DMC have monosomy of the DiGeorge chromosome re-
gion (DGCR) of chromosome 22q11.2, some authors con-
sider that this majority should be termed monosomy
22q11.2 syndrome and separated from other causative
groups, particularly that caused by hemizygocity of DGS2
of chromosome 10p (see below). Because most large se-
ries of patients published were selected according to the
clinical diagnosis of DiGeorge syndrome, that is discussed
next. Then the available information specific to the chro-
mosomal deletion syndromes will be presented.

1. Incidence and Age at Manifestation
Hundreds of patients have been reported. A neonatal man-
ifestation occurred in 83% of cases, mostly cardiac prob-
lems, and in one-third of cases convulsions (157, 159).
Sometimes the first symptoms only appeared at school
age, and in several cases DMC was diagnosed in an
asymptomatic adult patient because of symptomatic dis-
ease of his or her offspring (160). In the 1960s and 1970s
some 80% of recognized patients died within a year of
birth, a majority from cardiac causes and one-fifth from
infection (157).

2. Endocrine Disorders
Hypocalcemic convulsions occurred in 61% and hypocal-
cemia in 85% of the reported cases (157, 159). The hy-
pocalcemia resolved in early childhood in a majority of
patients (26 of 40) (159). However, deficient function of
the parathyroids may still manifest in adulthood during a
hypocalcemic stress, such as an infusion of disodium ed-
etate (161–163). It may even evolve again to frank symp-
tomatic HP (162). PTGs were searched for at autopsy in
85 patients; a hypoplastic PTG was observed in 30, and
none could be found in 41 even by careful serial section-
ing (157). A malformation of the thyroid gland is also
common (157) and at least two of 44 patients were hy-
pothyroid (159). Calcitonin-producing C cells of the thy-
roid gland, belonging to the derivatives of the third and
fourth branchial pouches (cephalic neural crest cells) are
deficient in numbers (164, 165).

3. Cardiac Defects
Approximately 90% of recorded patients have had a car-
diac defect, half of them an anomaly of the aortic arch,

most commonly type B interrupted arch or right aortic
arch. One fifth have truncus arteriosus communis (157–
159). Hypoplastic left heart and coarctation of the aorta
also occur. The right outflow tract is affected in some 12%
of the patients, predominantly by obstructive anomalies,
and a similar proportion has Fallot’s tetralogy. An asso-
ciated ventricular septal defect is present in a majority of
the patients, and associated valve anomalies are common.
In contrast, isolated septum defects and valve anomalies
are infrequent, but ventricular septal defect alone may be
present in late manifesting cases. One fourth of the pa-
tients have an aberrant right subclavian artery that may
cause dysphagia. The spectrum of circulatory anomalies
ranges from left heart hypoplasia to an harmless abnor-
mality of the subclavian artery.

4. Immune Defect
Although infections are relatively rare causes of early
death of patients with DMC, susceptibility to infections
becomes more prominent with increasing age. Half of the
20 patients who died at the ages of 3–12 months suc-
cumbed in pneumonia or sepsis (157). Bacteria and Can-
dida albicans were the common agents. However, patients
have a predominantly mild cell-mediated immunodefi-
ciency, usually associated with infections characteristic of
humoral immunodeficiencies (166). Comparison between
19 newborns with chromosome 22q11.2 deletion detected
because of a cardiac defect and comparable newborn car-
diac patients without deletion showed that the deletion
group had significantly lower peripheral blood T-cell num-
bers, although the function of their T cells was largely
preserved. A subgroup with markedly diminished T-cell
numbers showed an increase in these cells over the first
year of life (167). Only two cases of malignant neoplasm
seem to be on record (157). Failure of the descent of thy-
mus is very common, but immunodeficiency requiring
correction occurs only in approximately 25% of the cases.
Such patients can be identified by CD4� T cell enumer-
ation, and by in vitro proliferation response to phytohem-
agglutinin (159, 168, 169). Approximately three-quarters
of patients have frankly subnormal T-cell counts or evi-
dence of thymus hypoplasia. Of 85 patients tested only
five had a completely normal immune function. In the
others findings varied greatly. The total blood lymphocyte
count was normal in 71%. B lymphocyte counts were su-
pranormal in half the patients, but antibody production
capacity was subnormal in one-third. IgG responses to
immunization with bacterial polysaccharides may be par-
ticularly impaired (170). Diversification of the immuno-
globulin VH gene repertoire is restricted (171). Many
patients have hypergammaglobulinemia (171). Transplan-
tation with fetal thymus tissue or bone marrow has given
promising results (157, 172). There may be a specific pre-
disposition to autoimmune diseases: several cases of
Graves’ disease and idiopathic thrombocytopenia have
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been reported, as well as two patients with juvenile rheu-
matoid arthritis (173).

5. Dysmorphic Features
All patients have some facial dysmorphism, but the fea-
tures that are most helpful for the diagnosis are ear shape,
prominence of nasal root, and, in the younger child, small
mouth (159). The ears are low set and posteriorly rotated
with deficient upper helices and an increase in anteropos-
terior diameter, giving a relatively circular shape (Fig. 8).
At least one-fourth of the patients have a hearing deficit.
The root and bridge of the nose are wide and prominent
(Fig. 8), and there is a marked indentation on either side
of the nasal tip above the midpoint of each nostril. Most
patients have micrognathia, and about one-fourth have
palatal clefts. The lips are often prominent and U-shaped,
and the philtrum is short and poorly modeled. Lateral dis-
placement of the inner canthi is frequent. Telecanthus with
short palpebral fissures is common. The eyes may slant
upward or downward (Fig. 8).

A great number of variable other malformations have
been reported. Among these, different renal and urinary
tract anomalies are most common. Other frequent sites are
the pharynx, gastrointestinal tract, lungs, spleen, skeleton,
brain, and genitals (157, 159).

In the older child the features overlap with Shprintzen
velocardiofacial syndrome (MIM 192430) with a bulbous
nose, square nasal tip, and hypernasal speech associated
with submucous or overt palatal clefting (174).

6. Development and Growth
Of surviving patients, at least one-half have had moderate
to severe developmental delay, in some series all have
(158). Hypoxic episodes may have contributed to this
(159), and management of hypocalcemia and avoidance
of hypoxia are important in prevention of developmental
problems. Growth is said to be retarded, with stature often
below the third percentile (157). Mild to moderate learn-
ing difficulties are frequent.

7. Causes
Approximately 90% of the patients have a deletion within
chromosome 22q11.2 (segmental monosomy) identifiable
with fluorescent in situ hybridization (175–181). A mi-
nority have a microscopic deletion, and some patients
have monosomy of the whole chromosome 22. The
DGCR contains several genes (see MIM 188400). Most
of the cases are sporadic with a de novo deletion. In many
families multiple members carry the deletion with the var-
iable phenotype behaving as an autosomal dominant trait
(182). In approximately 25% of the cases one of the par-
ents has the deletion (159), and for such couples the risk
of any child being affected is 50%.

Other established causes of DMC include monosomy
of a section (DMC2) of chromosome 10 p, or fetal ex-
posure to alcohol, retinoic acid, or maternal diabetes mel-

litus. There is evidence for a common denominator of
these conditions, namely existence of a dysmorphogenet-
ically reactive unit; a population of cephalic neural crest
cells (183).

8. Monosomy 22q11.2
(22q11.Deletion Syndrome)

A spectrum of phenotypes, often collectively called
CATCH22 (for cardiac defect, anomaly of face, thymic
hypoplasia, cleft palate, HP), is associated with hetero-
zygous deletions of chromosome 22q.11.2 (monosomy
22q.11.2, the DiGeorge critical region I [DGCR-I]). This
spectrum includes the overlapping entities DMC, the
Shprintzen velocardiofacial syndrome (174, 184), so-
called conotruncal anomaly face, and isolated outflow
tract defects of the heart (conotruncal heart defects: te-
tralogy of Fallot, truncus arteriosus, and interrupted aortic
arch) (159, 185, 186). Most of the cases are sporadic, but
many families show autosomal dominant transmission.
The same deletion may cause phenotypes that vary within
families from normal to syndromic (187–189) and differ
even between identical twins (190). In fact, over 90% of
patients have the same deletion breakpoints (191).

In a European collaborative study of 558 patients
with deletions of 22q11 (192), in 204 cases of the 285
patients with known parental deletion status neither parent
had the deletion. Of the 79 cases with known gender of
the parent with the deletion, it was maternal in 61 and
paternal in 18. Growth data were available for 131 of the
158 patients whose heights and/or weights were below the
median; 57 of 158 were below the third percentile for
either height or weight. Forty-four patients had died, and
of the 29 for whom age at death was available, 16 had
died within the first month of life and 25 within the first
6 months consequent to congenital heart disease. There
was only one death from severe immune deficiency. Of
338 patients 107 were developmentally normal; 37 of the
107 had speech delay. Of the 231 patients with abnormal
development, 102 had a mild delay and 60 had either
moderate or severe learning difficulties. Of 252 children
in the study 22 had behavioral or psychiatric problems,
including two with episodes of psychosis; 11 of 61 adults
had a psychiatric disorder, and four of the 11 had had at
least one episode of psychosis. Of the 545 patients who
underwent cardiac studies, 409 had significant cardiac pa-
thology, most commonly tetralogy of Fallot, ventricular
septal defect, interrupted aortic arch, pulmonary atresia/
ventricular septal defect, or truncus arteriosus. Of the 496
patients examined, 242 had otolaryngeal abnormalities, 72
either an overt cleft palate or submucous cleft; 161 pa-
tients had velopharyngeal insufficiency without clefting.
Of 159 patients with hearing data available, 52 had ab-
normal hearing, which was of conductive type in all the
17 patients appropriately examined. A total of 49 of 136
patients had renal abnormalities, with absent, dysplastic,
or multicystic kidneys in 23; obstructive abnormalities in
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Figure 8 Characteristic facial features in patients with the
DiGeorge malformation complex. a. Nasal root and eyes
(from the top) of a baby, an infant, a young child, and a
teenager. b. The tip of the nose, philtrum, and mouth. Age
increases from neonate to young child on the top row and
on into teenage years on the bottom row. The length of the
philtrum, the size of the mouth, and the thickness of the lips
are variable. c. Abnormalities of the ear, from neonate (top
left) to adult (bottom right). (From Ref. 159.)

14; and vesicoureteric reflux in six. A total of 203 of 340
had recorded hypocalcemia, 108 of them with a history
of seizures, and 42 of these seizures secondary to hypo-
calcemia. Most cases of hypocalcemia were reported in
the neonatal period, but one patient presented at 18 years
of age. Of 218 patients with laboratory and clinical eval-
uation of immune function and thymus status, only four
were classified as having a major immune function ab-
normality. Two of these had died, one of them consequent
to severe immunodeficiency. Of 548 patients 94 had minor
abnormalities of the skeletal system, and 39 had ocular
anomalies. Of the patients’ offspring, 27 of 35 had more
severe congenital heart disease than the parent and eight
the same degree of severity. Developmental status was
worse in nine of 17 and the same in seven of 17. Palatal
abnormalities were better in 10 of 22 children and similar
to the parent’s in 12 of 22 children. Of the families 12
had a total of 26 affected siblings; they showed consid-
erable variation in heart abnormalities between the sib-
lings; development status was similar in most cases.

The phenotype varies widely. What has been dis-
cussed above with regard to the DMC is probably valid
for monosomy 22q11.2. Several patients have been de-
scribed with HP, facial abnormality, and intellectual im-
pairment (173). The deletion appears to predispose to
schizophrenia (193).

In northern England the minimum birth prevalence of
the 22q.11.2 deletions was 13:100,000 live births, making
it the second most common cause of congenital heart dis-
ease after Down’s syndrome (194).

9. Partial Monosomy 10p
Monosomy of the tip of the short arm of chromosome 10
(p13-pter) is a rare anomaly (1:27,500 consecutive births
in Tokyo; 195), and another cause of a spectrum of phe-
notypes that includes among others DMC (196), velocar-
diofacial syndrome, and the syndrome of HP, deafness,
and renal dysplasia (HDR syndrome; MIM 146255). It is
a contiguous gene spectrum. More than 50 patients have
been reported (197). Two nonoverlapping regions have
been defined that contribute to this complex phenotype.
The proximal one is DiGeorge critical region II (DGCR-
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II) on 10p13–14. Hemizygocity for it may cause cardiac
defects and T-cell deficiency. Hemizygocity for the distal
one on 10p14–10pter may cause the HDR syndrome: HP,
sensorineural deafness, renal dysplasia and, perhaps, T-
cell deficiency (197–199). Patients with cardiac defect
and HP have haploinsuffiency of both these chromosome
regions (197). The HDR syndrome appears to be caused
by haploinsufficiency of the GATA3 gene (MIM 131320;
200), which belongs to a family of zinc-finger transcrip-
tion factors involved in vertebrate embryonic develop-
ment. It is abundantly expressed in T-lymphocyte lineage
and is thought to participate in T-cell receptor gene acti-
vation through binding to enhancers (201). Investigation
for GATA3 mutations in three HDR probands identified
one nonsense mutation and two intragenic deletions that
predicted a loss of function, as confirmed by absence of
DNA binding by the mutant GATA3 protein (200). GATA3
is thus essential in the embryonic development of the par-
athyroids, the auditory system and the kidneys.

Phenotypic external characteristics include an abnor-
mally shaped, usually microcephalic skull, prominent
forehead, epicanthic folds, downward slanting palpebral
fissures, hypertelorism, ptosis, flat nasal bridge, everted
nostrils, micrognathia, prominent upper lip, low-set dys-
plastic ears, high-arched or cleft palate, short neck, and
hand and foot abnormalities. Most patients have been re-
tarded in intellectual and motor functions. The deafness
is of the sensorineural type, bilateral, nonprogressive, and
more severe at the higher frequencies. At least one patient
had conductive hearing loss. Prenatal- or postnatal-onset
growth deficiency is common. Eye abnormalities are fre-
quent: fundus anomalies, arteria hyaloidea persistens, mi-
crophthalmus, strabismus, exudative maculopathy, astig-
matism, cataract, and amblyopia. Half the patients have
genital and/or urinary tract abnormalities, which may in-
clude kidney aplasia, hypoplasia or dysplasia, hydrone-
phrosis, ureter duplex, ureteral stenosis, cystic kidneys
with normal filtration rate (202), steroid-resistant ne-
phrotic syndrome due to fetal glomeruli (203), hypoplastic
penis and scrotum with cryptorchidism, and hypospadias.
Limb anomalies include syndactyly, clinodactyly, clubbed
hands and feet, short terminal phalanges, short upper
limbs, proximally implanted or broad thumbs, and pre-
axial polydactyly. Half the patients have heart defects:
septum defects, patent ductus arteriosus, pulmonary ste-
nosis, coarctation of aorta, or truncus arteriosus. Many
patients died neonatally of cardiac failure. Postmortem ob-
servations included hypoplasia or aplasia of the olfactory
bulbs and tracts, and hypoplasia of the cerebellum and
brainstem (204). Two patients had hypothyroidism. Prob-
ably several patients previously thought to present differ-
ent entities should be classified as belonging to this group
(202, 203, 205). A boy with the hypoparathyroidism/sen-
sorineural deafness/renal dysplasia (HDR) syndrome had
recurrent cerebral infarctions of the basal ganglia with
hemipegia, the first one at the age of 7 months (206).

Approximately 80% of cases have been due to a de
novo mutation. In the others a parent carries a balanced
translocation (207).

B. Autosomal Recessive Syndromes of
Kenny-Caffey and Sanjad-Sakati

The autosomal recessive syndromes of Kenny-Caffey
(KCS1, MIM 244460) and Sanjad-Sakati (HP/retardation/
dysmorphism [HRD], MIM 241410) are very rare. They
have the same mutant gene locus in chromosome 1q42–
q43 and appear to be allelic or perhaps even caused by
the same mutation (208–209). The KCS1 is characterized
by extreme growth failure, congenital HP, abnormal phys-
iognomy, and mental retardation, which is mostly severe
but sometimes mild (210–211). The physical findings
have included microcephaly, prominent forehead, deep-set
eyes often with microphthalmos, and esotropia, depressed
nasal bridge with beaked nose, long philtrum, thin upper
lip, micrognathia, large and low-set and/or posteriorly ro-
tated ears, often with floppy ear lobes, small hands and
feet, cryptorchidism, and micropenis. All patients in the
first series had cortical thickening of long bones with
medullary stenosis. In the original series of patients with
HRD (210) all had tetany or convulsions, nine of 12 neo-
natally. Immune system abnormalities were not observed.
What appeared to differentiate HRD from KCS1 was that
none of the patients had medullary stenosis. With the next
series of patients with the HRD (212) this difference dis-
appeared; seven of eight patients had medullary stenosis.
Also, all the patients presented with hypocalcemia neo-
natally, three patients had neonatal septicemia, and there
were three probable additional cases in the families who
had died of neonatal sepsis; all four patients tested had
subnormal T-lymphocyte counts. All the reported patients
with HRD were of Middle Eastern origin (210, 212–214),
and so is a large series of patients diagnosed the KCS1
(215).

C. Autosomal Dominant Syndrome of
Kenny-Caffey

Characteristics of the autosomal dominant type 2 syn-
drome of Kenny and Caffey (KCS2, MIM 127000) were
originally (216) described as markedly stunted stature
with slender dense tubular bones and narrow marrow cav-
ities. Congenital HP is a frequent (>70%) component. In
23 of 24 patients serum PTH levels were inappropriately
low or undetectable, but in one levels were high as mea-
sured by N-terminal assay but undetectable by carboxy-
terminal assay (217). No PTG was found at the one au-
topsy that has been reported (217). Other frequent features
are macrocephaly, absent diploid space in calvarium, de-
layed closure of the anterior fontanelle, dysmorphic face,
and eye abnormalities (microphthalmia, hyperopia, pap-
illary pseudoedema) (217–220). Micro-orchidism is com-
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mon, with suspected subfertility. The short stature was
short-limbed in three families and proportional in the
others.

D. Other Syndromes

Among 212 cases collected from literature of the Kearns-
Sayre syndrome associated with a distinct defect of the
mitochondrial genome, 14 had HP. Four of these patients
were hypomagnesemic, five had hypogonadism, four had
diabetes mellitus, and two had hypothyroidism. These as-
sociated endocrinopathies were not more prevalent than
in the non-HP patients (221).

Two brothers have been described with a probable X-
linked recessive syndrome with congenital lymphedema
of all limbs and pulmonary lymphangiectasia, HP, ne-
phropathy, dysmorphism (medial flare of eyebrows, broad
nasal bridge with lateral displacement of the inner canthi,
hypertrichosis of the face and forehead, short nail beds,
brachydactyly, and an increased carrying angle), prolaps-
ing mitral valve, and brachytelephalangy. One of them had
cataracts and the other dry itchy skin (222).

In one family six members in three generations had
autosomal dominant HP associated with short stature and
premature osteoarthritis; in at least two of them HP ap-
peared in childhood (223).

Single cases with HP have been observed in associ-
ation with the Dubowitz syndrome (MIM 223370; 224,
225), Hallermann-Streif syndrome (226, 227), Mulibrey
nanism (MIM 253250; 228), and Silver-Russel syndrome
(MIM 180860; 229).

E. Other Congenital Isolated PTH Deficiency

Isolated PTG hypoplasia (also termed transient congenital
HP or transient congenital PTG dysplasia; 230, 231) may
become manifest as late neonatal tetany, or may not ap-
pear until the age of several weeks. Calcemia is then usu-
ally normalized within weeks or months. However, these
patients may have permanent latent HP. Tetany may recur
during a hypocalcemic stress, and permanent HP may oc-
cur after several years (161, 224, 232, 233).

XIII. TRANSIENT HYPOPARATHYROIDISM

HP limited to the neonatal period is discussed in Chap-
ter 21.

A. Critical Illness

Hypocalcemia is frequently associated with critical illness
in children (153–155), and some of these children have
PTH deficiency (234, 235). Of 145 patients admitted to a
pediatric intensive care unit (53 after major surgery, 92
for acute medical problems) 71 had subnormal total serum
Ca. Subnormal serum Ca2� was observed in 26 of them;
but many others presumably had it because Ca2� could

not be predicted from total Ca. As a group, these 26 pa-
tients were more critically ill than the rest; 17 had inap-
propriately low plasma PTH level (234). No information
was given on magnesemia, although hypomagnesemia is
very common in critically ill patients (236).

According to others, hypocalcemia in critically ill
children was often associated with hypercalcitoninemia
(237) or hypermagnesemia (238). These dysmineralemias
seem to predict high mortality (234, 238) and their cor-
rection may improve the outcome.

Children with severe burns may develop hypocal-
cemia, Mg depletion, HP, and renal resistance to PTH in-
fusion. Fourteen sequentially recruited children with a
burn of at least 40% of total body surface area were given
a urinary Mg retention test a median of 20 days after the
burn. Seven of them remained Mg depleted, which was
not attributable to the burn size or to time from burn to
study, or combined enteral and parenteral Mg intake. Both
the Mg-depleted and the nondepleted group had low intact
serum PTH levels in relation to serum Ca2� concentration,
indicating persistent HP. Thus, not the Mg depletion but
rather a reduced set point for Ca suppression of PTH se-
cretion was concluded to be the chief cause of the per-
sistent HP (239).

In an experiment, sheep were subjected to a 40% total
body surface area burn or sham burn receiving anesthesia
and fluid resuscitation only. The burned sheep were hy-
pocalcemic and hypomagnesemic compared with the
sham-burned controls. In their PTGs and kidneys the CaR
mRNA was increased by 50% with a corresponding in-
crease in the intensity of CaR immunoreactivity associated
with the cell surface in the PTGs. These findings are con-
sistent with upregulation of the parathyroid CaR and a
related decrease in the set point for Ca suppression of
PTH secretion that may contribute to the reported post-
burn HP and hypocalcemia (240).

B. Maternal Hyperparathyroidism

HP is common in infants born to hyperparathyroid moth-
ers; the maternal disease is often undiagnosed. Symptoms
usually appear within the first 2 weeks, but may be de-
layed (241). Complete recovery is the rule, but the con-
dition may be prolonged, and even permanent (242). It is
presumed that this HP develops because of suppression of
the fetal PTG by fetal hypercalcemia maintained by ex-
cessive placental transfer of Ca from the hypercalcemic
mother.

C. Magnesium Depletion

HP is a frequent manifestation of Mg depletion. The
mechanism involves impaired secretion of PTH (243,
244), target cell resistance to PTH, and independent dis-
turbance of the blood–bone equilibrium. Mg depletion
may be due to an inborn error of metabolism, a specific
defect in the intestinal absorption of Mg, called primary
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Figure 9 Plasma concentrations of immunoreactive PTH (IPTH), total Ca, Ca2�, Mg, and renal phosphate clearance (PC) in a
patient with HP caused by severe hypomagnesemia. First, hypocalcemia was made more severe by an oral phosphate challenge;
this did not result in increased secretion of PTH. Then Mg was replenished by intramuscular injections of Mg sulfate. The
shaded areas indicate the normal ranges. (From Ref. 243.)

congenital hypomagnesemia (MIM 248250; 245, 246). It
usually manifests as tetany at the age of 1–4 months.
Serum Mg levels are <0.4 mmol/l (<1.0 mg/dl), distinct
from the less severe hypomagnesemia frequently encoun-
tered in late neonatal hypocalcemia (247). The hypocal-
cemia can only be controlled by continuous Mg substi-
tution. Mg deficiency may also occur as an acquired
condition caused by nonspecific intestinal malabsorption
(chronic diarrhea, Crohn’s disease, large resection of small
bowel) (248) and renal wasting of Mg2� due to loop di-

uretics, aminoglycosides, pentamidine, cyclosporine, and
diabetic ketoacidosis, transplanted kidney, urinary tract
obstruction, or the diuretic phase of acute renal failure.
This type of HP is resistant to the calciferols, and can
only be corrected by Mg repletion (Fig. 9).

D. Toxic Influence

Transient HP may occur during cytotoxic therapy with
asparaginase (249), adriamycin, cisplatinum, cytarabine,
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Table 4 Clinical and Laboratory Findings in Patients with Different Types of PHP

Serum Ca Serum Pi Serum PTH
Urinary
cAMP

Pi-uric
response Serum TSH AHO

Gs�
activity

Gs�
mutation

PHP-Ia ↓ ↑ ↑ ↓ ↓ (↑) � ↓ �
pPHP → → → → → → � ↓ �
PHP-Ib ↓ ↑ ↑ ↓ ↓ → � → �(?)
PHP-Ic ↓ ↑ ↑ ↓ ↓ (↑) � � �
PHP-II ↓ ↑ ↑ → ↓ → � → �(?)

PHP, pseudohypoparathyroidism; pPHP, pseudo-PHP; Pi, inorganic phosphate; AHO, Albright’s hereditary osteodystrophy; Gs�, � subunit of
guanyl-nucleotide binding protein.

or amphotericin B (250). The condition may be compli-
cated by acute renal failure and hypomagnesemia. The
role of drugs and various metabolic derangements in the
causation of the HP is unclear. L-asparaginase leads to
necrosis of chief cells in rabbit PTG, with ensuing HP
(251). (See also Sec. XII.A.)

XIV. OTHER ACQUIRED
HYPOPARATHYROIDISM

A. Surgical Removal or Lesion of PTG

This condition, which is the most common variety of HP
in adults (76, 251), is rare in children. After thyroid sur-
gery hypocalcemia is relatively frequent and must not be
equated with HP. A sudden transition from the hyperthy-
roid to the euthyroid state, with reversal of negative bone
Ca balance, is often associated with so-called hungry bone
phenomenon. Such hypocalcemia disappears spontane-
ously within 24–48 h and is unlikely to cause tetany.

Postoperative HP may be caused by PTG injury due
to ischemia, depending on the extent of dissection and
hemostasis (76). Patients recovering from postoperative
HP usually do so within a few weeks to 6 months, but
occasionally only after years. Latent HP may persist with
intermittent relapses during hypocalcemic stress. This is
inevitable after delayed recovery (76).

B. Irradiation Damage

Permanent combined HP and hypothyroidism has oc-
curred in the infant after 131I treatment of the hyperthyroid
pregnant mother (252). Otherwise, irradiation HP is rare
because the PTGs are relatively resistant to radiation.

C. Infiltration

Iron storage in the PTG is a rare cause of HP; it is usually
associated with similar destruction induced by hemo-
siderosis of the thyroid gland, gonads, pancreatic islets,
liver, myocardium, and, occasionally, pituitary gland. This
condition may complicate any disease in which blood
transfusions are frequently required, such as thalassemia

major and hypoplastic anemia. In �-thalassemia major, HP
commonly manifests in the second decade of life, but la-
tent HP may occur much earlier (253, 254).

HP may also develop in Wilson’s disease (MIM
277900), presumably due to deposition of copper in the
PTG (255).

Destructive infiltration by a metastasizing neoplasm
or by amyloid is rare in children.

XV. PSEUDOHYPOPARATHYROIDISM

Pseudohypoparathyroidism (PHP; 21, 256) is a group of
diseases with supranormal plasma levels but deficient ac-
tion of PTH, indicating end-organ resistance. The resis-
tance can be further proven by giving a test intravenous
injection of PTH: phosphaturic, calcemic, and calcitri-
olemic responses are absent or markedly blunted.

A. Types of Pseudohypoparathyroidism

Because of the complexity of the signal transduction cas-
cade of PTH (Sec. II.D.; Fig. 3), there are many possible
sites for failure. Several kinds of basic defects have been
identified in PHP, and others will certainly follow (Table
4; 256). The primary basis for classification is location of
the defect proximal or distal to the generation of cAMP.
Proximal defects are identified by absence or markedly
blunted response of plasma and urinary cAMP to exoge-
nous PTH stimulation; this is the criterion for PHP type
I. In this type the renal mechanism of response to cAMP
is intact as evidenced by responsiveness to injected (di-
butyryl) cAMP (257). In patients with distal defects,
plasma and urinary cAMP responses to exogenous PTH
are normal and basal urinary cAMP exretion may even be
supranormal; such patients have type II PHP.

The second basis for classification is the extent of the
consequences of the defect. Although PTH shares the Gs

protein complex and the adenylyl cyclase of the cellular
signal transduction cascade with other hormones (258), a
part of the cascade is specific to PTH (and PTHrP) by
structure (PTH receptor) or cell type (effector phospho-
proteins of the cascade). Defects of the shared components
may cause resistance to several hormones. Most of the
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Figure 10 Abnormal features of habitus in the Albright hereditary osteodystrophy (AHO) in an 11-year old girl. a. Short
stocky habitus with round face. b,c. Plump hands. d. Feet with short metatarsals. A bone was excised from this girl’s upper
eyelid.

known cases are due to inactivating mutations in the gene
GNAS1 encoding the � subunit of the stimulatory G pro-
tein (Gs�, Sec. II.D.). Such mutations are the cause of
PHP-Ia and pseudo-PHP (pPHP). All patients are hetero-
zygous and have one normal GNAS1 allele and one de-
fective allele. Mutations of GNAS1 may also be involved
in PHP-Ib. In kindreds with PHP-Ia and pPHP, at least 25
heterozygous nucleotide exchanges in GNAS1 gene have
been identified causing variable mutations of Gs� (21,
256). Gs� is ubiquitously expressed, but appears to have
tissue-specific roles, and its heterozygous mutations may
cause autosomal dominant diseases with resistance only
to a few hormones. In some type I patients normal quan-
tity of Gs� has been observed; in one such patient a mu-
tation of the adenylyl cyclase was identified (259).

In addition to the entities mentioned, there are at least
two others: PHP-Ic and PHP-II. Patients with PHP-Ic have
no detectable defect in the Gs� protein, despite clinical
and laboratory features similar to patients with PHP-Ia.

Patients with PHP-Ia, PHP-Ic, and pPHP share an abnor-
mal habitus called Albright’s hereditary osteodystrophy
(AHO, Fig. 10). Patients with PHP-II are similar to those
with PHP-Ib in having no skeletal and developmental de-
fects, but differ by having normal urinary cAMP excretion
but blunted phosphaturic response to exogenous PTH.
PHP-Ic and PHP-II are poorly characterized compared
with the other types.

B. Albright’s Hereditary Osteodystrophy

Albright’s hereditary osteodystrophy (AHO) is the collec-
tive name of the abnormal features of habitus that patients
with PHP-Ia, PHP-Ic and pPHP have (Fig. 10; 260): short
stature, round or moon-shaped face, depressed nasal
bridge, thick-set stocky or obese body, and bone anoma-
lies. The latter include selective shortness and stubbiness
of metacarpals (brachymetacarpia of, in decreasing order
of prevalence, metacarpals IV, V, I, III, and, rarely and
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never alone, II), metatarsals (brachymetatarsia IV, V, III,
I), and phalanges (brachyphalangia, most often of distal
phalanx I leading to a thumb nail width to length ratio of
>2.0), radius curvus, cubitus valgus, coxa vara, and genu
valgum (261). Short digits arise from early closure of the
epiphyses, preceded by decrease in longitudinal growth.
Cone-shaped epiphyses may be formed, and phalangeal
rudimentary or pseudo epiphyses occur (251). Hand and
foot abnormalities generally are not apparent before the
age of 4 years, and AHO habitus may only appear slowly
to be clear by school age. It may become more pro-
nounced in successive generations (262). Selective
brachymetacarpia or brachymetatarsia and/or heterotopic
soft tissue ossifications, and absence of tall stature, have
often been used as the minimum criteria of AHO (263).

Dental abnormalities are common: enamel hypopla-
sia, small crowns, enlarged pulp chambers, root canals
with open apices, pulp stones, blunted roots, delayed erup-
tion of deciduous and permanent teeth, hypodentia, thick-
ening of the lamina dura, and early tooth loss due to caries
(264).

Height SD score correlates with the activity of the Gs

protein (265). Bone age is often advanced rather than re-
tarded, unless hypothyroidism is present.

A mild to moderate mental retardation occurs in 50–
75% of patients; it is also associated with the deficiency
of the Gs activity (266). Subnormal senses of smell (ele-
vated detection and recognition thresholds for all vapors)
and taste (detection and recognition thresholds supranor-
mal for sour and bitter, normal for salt and sweet) are part
of the picture (251, 267). Olfaction is known to be me-
diated by Golf� protein, which shows 88% amino acid
identity to Gs� (268, 269).

Hypothenar dermatoglyphic patterns and distally lo-
cated triradii are frequent (270). Degenerative changes oc-
cur in the hip joints, even necrosis of the femoral head
(271). Spinal cord compression has occurred as a result
of combination of abnormal vertebral fusion, shortened
vertebral lamina, and soft tissue calcifications within the
spinal canal (272). Hypertension is common in adult pa-
tients (273).

C. Genetics: Important Role of Imprinting

Both PHP-Ia and pPHP are caused by the same Gs�-af-
fecting mutations of the GNAS1 gene in chromosome
20q13.2, as evidenced by common occurrence of both dis-
eases in the same kindreds. In such kindreds, all patients
with pPHP are offspring of healthy women with men af-
fected with either PHP-Ia or pPHP, whereas all patients
with PHP-Ia are offspring of healthy men with women
affected with either of the two disorders (274). This results
from paternal imprinting of the hormonal resistance: PHP-
Ia occurs only if the defective gene is inherited from a
mother affected by either PHP-Ia or pPHP (275).

The pattern of imprinting is complex. Although Gs�
expression may derive in only the maternal allele in some

tissues, it may derive from both alleles in other tissues
(276). Hence, there may be no Gs� in some tissues but
50% of the normal level in other tissues. This may explain
why there is resistance to some of the hormones using
Gs�-coupled receptors, while the resistance is partial or
absent to some others (21). In contrast, the mode of in-
heritance of AHO is dominant; this remains to be ex-
plained. AHO is presumed to be caused by the same het-
erozygous GNAS1 mutations responsible for the decrease
in the activity of the Gs� protein. The PTH/PTHrP recep-
tor also has an important role in chondrocyte proliferation
and differentiation and thus in skeletal growth (277). Re-
duced concentrations of Gs� in the proliferative layer of
the growth plate chondrocytes might result in an insuffi-
cient PTHrP-dependent inhibition of chondrocyte matu-
ration, and hence to the abnormally short bones of AHO
(256).

PHP-Ib, in all four kindreds studied, was also in-
variably inherited from an obligate female carrier, indi-
cating paternal imprinting. DNA study of these kindreds
showed that the genetic defect of PHP-Ib maps to an ap-
proximately 8 cM region on chromosome 20q13.3, the
region that includes the GNAS1 gene (278). In the equiv-
alent region of the mouse, gnas is the only known im-
printed gene. Several different splice variants of it are
known that are specific to parent-of-origin in expression,
and the same is true for the human GNAS1. Hence the
current data indicate that mutations of GNAS1 (other than
those affecting the Gs� protein) are also responsible for
at least some forms of PHP-Ib (256).

D. Pseudohypoparathyroidism Type-Ia
(MIM 139320)

In addition to resistance to the actions of PTH, PHP type
Ia (PHP-Ia) includes AHO and partial resistance to other
hormones.

1. Renal Resistance
The PTH resistance in patients with PHP-Ia (and partic-
ularly those with PHP-Ib) is clearest in the proximal tu-
bules. All responses to PTH are impaired: production of
cAMP and calcitriol, and excretion of Pi and bicarbonate.
The lack of phosphaturic response to PTH causes hyper-
phosphatemia, which probably further inhibits the pro-
duction of calcitriol, aggravating its deficiency. The cal-
citriol response to an acute lowering of plasma Pi level is
also subnormal, in clear contrast to patients with PTH
deficiency. There is no such difference in calcitriol re-
sponse to dibutyryl cAMP injection. This suggests that
there may be an abnormality in the 1�-hydroxylase sys-
tem. Indeed, many features of the disease appear to be
secondary to the calcitriol deficiency. One such secondary
defect is in the distal tubular Ca reabsorption response to
PTH; it is normalized by correction of the hypocalcemia
and the calcitriol deficiency (25; Fig. 11). The primary
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Figure 11 Comparison of urinary Ca excretion (vertical
scale) at three different concentration ranges of calcemia
(horizontal scale; the width of each column represents the
mean � SD of the individual concentrations) between pa-
tients with PHP (shaded columns) and HP (nonshaded col-
umns) during therapy with different dosages of 1�(OH)D3.
Normal controls had the same mean values as the normo-
calcemic patients with PHP. The patients with HP (in contrast
to the patients with PHP) have marked hypercalciuria at all
levels of plasma Ca. (From Ref. 25.)

renal resistance thus seems to be confined to the proximal
tubular actions of PTH.

Significantly stronger calciuria and lower plasma
PTH levels have been observed in type I PHP patients
without AHO than in those with AHO, despite similar
calcemia levels (279). This observation is consistent with
normal PTH responsiveness of the distal tubules.

2. Skeletal Resistance
Whether skeletal resistance to PTH is an innate part of
PHP has been a matter of dispute. The remodeling system
appears active; there is even evidence for its acceleration
due to the supranormal levels of PTH. In contrast to pa-
tients with HP and similar degrees of hypocalcemia and
hypocalcitriolemia, patients with PHP as a group have
subnormal bone density (280), and more than doubled uri-
nary excretion of hydroxyproline (an index of osteoclastic
bone degradation) (73, 280). They respond to exogenous

PTH by an increase in hydroxyproline excretion similarly
to patients with HP (280). During substitution therapy, an
inverse correlation appears between plasma Ca level and
hydroxyproline excretion, and this excretion is normalized
in most patients during normocalcemia (73). However,
plasma alkaline phosphatase activity and osteocalcin con-
centration (markers of osteoblastic bone formation) are
normal in patients with PHP in contrast to supranormal
levels in patients with primary hyperparathyroidism, al-
though plasma PTH levels are more elevated in patients
with PHP (73). In patients with HP, osteocalcin levels are
subnormal. Despite the higher plasma PTH levels in pa-
tients with PHP than patients with hyperparathyroidism,
none of the three markers of bone turnover was different
between these patient groups, suggesting that the remod-
eling system does have some degree of resistance to PTH
in PHP (73). Radiological evidence of hyperparathyroid-
ism, subperiostal resorption, and/or cysts have been re-
ported in PHP, but are rare (251, 260, 280–283). Seven
of 18 patients with such changes had slipped capital
femoral epiphysis (283). Histological hyperparathyroid
changes (osteitis fibrosa) are much more common; they
disappear during adequate therapy (283).

The increased bone turnover in response to high PTH
levels may contribute to the maintenance of calcemia. Es-
trogen, which blocks PTH-mediated bone resorption, has
induced hypocalcemia in women with normocalcemic
PHP (284). The other skeletal metabolic system, the min-
eral homeostatic system, is unresponsive to PTH, but this
may be secondary to the calcitriol deficiency (285, 286).
Prolonged treatment with pharmacological dosages of vi-
tamin D has restored the calcemic responsiveness to PTH
in some patients to normal (285, 286), and physiological
amounts of calcitriol normalize calcemia (287, 288). In
fact, PTH resistance of this system is part of the patho-
physiology in vitamin D-deficiency rickets (289). It is
assumed that this osteocytic system is more calcitriol-
dependent than the osteoclastic–osteoblastic remodeling
system (280).

In conclusion, if there is skeletal resistance to PTH
in PHP, it is only partial in contrast to the complete re-
sistance of the proximal renal tubules.

3. Clinical and Metabolic Picture and
Their Variability

Most patients maintain normocalcemia for the first several
years of life: hypocalcemia and hyperphosphatemia occur
at an average age of 8 years, and rarely before the age of
3 years (260). Plasma PTH levels may be elevated much
earlier, and sometimes this is associated with mild hyper-
calcemia. Clinical manifestation may occur only at an
adult age. Often, the hypocalcemia or the hyperphospha-
temia has been noted incidentally. The hypocalcemia may
alternate with normocalcemia. Hence, the resistance may
be acquired and depend on factors other than the primary
defect (260). Deficiency of calcitriol is a possibility, as
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described above for the skeletal homeostatic system and
the distal tubular Ca reabsorption. The response of cAMP
to exogenous PTH is defective from early infancy (271);
it is further impaired with the development of hypocal-
cemia and improves during spontaneous remissions (290).
However, the spontaneous normocalcemia recovery pe-
riods seem not to be associated with an increase in cal-
citriolemia (290). Pregnancy, despite its high estrogen
levels, has temporarily improved PHP patients’ Ca ho-
meostasis. This may be due to production of calcitriol by
the fetally derived trophoblastic portion of placenta.

The regulation of PTH secretion is qualitatively nor-
mal, and persistent hypocalcemia maintains supranormal
secretion of HPT. Plasma levels of PTH and Ca show an
inverse correlation (73). Spontaneously normocalcemic
patients may also have supranormal plasma PTH (73,
271). During therapy with an active vitamin D analog,
plasma PTH is normalized only when plasma Ca2� levels
are brought to the upper normal range; this indicates an
elevated set point for suppression of the PTH secretion
(74), presumably due to an involvement of the Gs pro-
tein–cAMP system in PTG. In some patients the secretion
of PTH may be suppressed secondary to calcitriol defi-
ciency (271).

In addition to the hypocalcemia, often associated with
grand mal seizures, the first manifestation may be either
primary nongoitrous hypothyroidism, which may be con-
genital (291–293), or features of ovarian hypofunction,
subcutaneous ossifications, bone pain (294), or slipped
capital femoral epiphysis (283) caused by cystic bone dis-
ease. Convulsions seem to be more prevalent in PHP than
HP, occurring in as many as 60% of the patients, and
mostly resembling grand mal seizures.

Ossified plaques and nodules, also called osteomas,
occur frequently in subcutaneous tissues, brain, and heart;
they may be present at birth and years before hypocal-
cemia develops (262, 295). Calcifications of the basal gan-
glia have been observed in up to 100% of adult patients
(80), and have often given the first clue to the diagnosis
of PHP (80).

Hypertension may be common in adult patients (273).

4. Other Endocrine Abnormalities
Resistance to other hormones is frequent, but variable
even between affected siblings (260, 264, 271, 296–298).
Clinical hypothyroidism due to thyroidal resistance to
TSH is quite common, and it frequently precedes the clin-
ical HP. It was observed in 15 of 26 patients (299), and
TSH response to TRH was exaggerated in nearly all the
patients. Hypothyroidism may even be the first and con-
genital manifestation; it is often detected by neonatal
screening (291, 292).

Clinical hypogonadism is common in female patients,
due to ovarian gonadotropin resistance. It may result in
incomplete development of secondary sexual characteris-
tics, primary amenorrhea or delayed menarche, and infer-

tility. Menstrual function ranges from amenorrheic to
normal (298). Plasma levels of the gonadotropins are gen-
erally not elevated. Fertility may be subnormal in male
patients, because few of them seem to have reproduced
(260).

As a group, the patients have a significantly subnor-
mal plasma cAMP response to glucagon test, indicating
subnormal hepatic cAMP (although normal glucose) re-
sponse to glucagon (298). Prolactin deficiency is less
common (300, 301). GH secretion has usually been re-
ported as normal, but there are exceptions (293, 302). Sin-
gle cases of resistance to ADH (303) and ACTH (304)
have been reported.

Two unrelated males have been observed with both
precocious puberty and PHP Ia. They had identical mu-
tations of GNAS1, which resulted in a temperature-sensi-
tive Gs� that is rapidly degraded at the normal body tem-
perature but constitutively activated in the cooler
environment of the testis, resulting in so-called testotox-
icosis (MIM 176410) (305).

E. Pseudopseudohypoparathyroidism
(MIM 300800)

Patients with pseudopseudohypoparathyroidism (pPHP)
have the AHO habitus and the approximately 50% sub-
normal level of Gs� activity similarly to patients with
PHP-Ia, but no endocrine abnormality and a normal
cAMP response to PTH. The latter feature differentiates
pPHP from the normocalcemic phase of or incompletely
expressed PHP-Ia. Pedigrees with Gs protein deficiency
commonly include both members with P-PHP and those
with PHP, and the level of Gs is similarly deficient in the
cell membranes of both kinds of patients (306, 307).

F. Pseudohypoparathyroidism Type Ib
(MIM 603233)

Patients with PHP type Ib (PHP-Ib) have normal appear-
ance and intelligence with hormone resistance limited to
PTH. Symptomatic hypocalcemia appears, as in PHP-Ia,
usually within the first decade of life but in some patients
only much later (308). The disturbance appears to be pro-
duced predominantly by renal resistance to PTH, which
results in impaired excretion of Pi and production of cal-
citriol. The skeleton appears to respond normally to PTH,
releasing continuously Ca2� and Pi (308a). The inevitable
secondary hyperparathyroidism may lead to hyperparathy-
roid skeletal disease, sometimes called pseudohypohyper-
parathyroidism. Short stature is common (298). Although
this bone resorption helps to maintain relatively normal
calcemia, it also maintains a flux of Pi into blood. Because
of renal PTH resistance, the excretion of Pi is inefficient
and results in hyperphosphatemia. The acitivity of Gs� is
normal. Mutations in the genes coding for PTH and the
PTH/PTHrP receptor seem to be excluded (309).
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PHP-Ib may vary considerably in severity, even
within kindreds, from seizure-causing disease to absence
of even the laboratory abnormalities at adult age (278).
Seasonal variation can also be significant. Although most
cases have been considered to be sporadic, it may just be
that other cases in the family have been asymptomatic.

One patient had severe osteitis fibrosa cystica with
bone pain, which only resolved after parathyroidectomy.
Osteoblastlike cells cultured from her trabecular bone re-
sponded normally to PTH and calcitriol (294).

G. Pseudohypoparathyroidism Type II
(PHP-II; MIM 203330)

At least 20 patients of PHP type II (PHP-II) have been
reported (260). It appears heterogeneous and, in at least
some cases, acquired. Hence, all reported features may not
be universally true. In contrast to patients with type I,
patients with type II have normal Na� and bicarbonate
excretory responses to PTH. After prolonged normocal-
cemia has been maintained by Ca infusion or vitamin D
administration, some of these patients have shown a nor-
mal phosphaturic response to PTH (263, 310). This sug-
gests that the primary defect may be absence of a response
to PTH in the renal cell membrane permeability to Ca2�.
Age at onset of this disease varied from 1.8 to 70 years
(260). In one patient clinical manifestation occurred only
during the hypocalcemic stress of the second half of her
pregnancies (311). This is in contrast to the improvement
of Ca homeostasis experienced during pregnancy by pa-
tients with PHP-I. Hyperparathyroid bone disease has
been reported in some patients (260).

PHP-II may occur with vitamin D deficiency (312,
313). Sjögren syndrome may include PHP-II, presumably
by an autoimmune mechanism (314).

XVI. DIAGNOSIS

A. Diagnosis of Hypocalcemia

The Chvostek test (Sec. VIII.B.1.b.) is very useful for
obtaining immediate evidence pointing to or ruling out
hypocalcemia. A grade 2 sign suggests, and higher grades
indicate, hypocalcemia; the more severe, the stronger the
sign. Absence of the sign argues against hypocalcemia,
but does not exclude it.

In a convulsing patient with some evidence of hy-
pocalcemia, it may be advisable to give a Ca-gluconate
injection (Sec. XVII.A.) after inserting a venous catheter
and taking adequate samples of blood to allow definite
studies in case of hypocalcemia or hypoglycemia. Ces-
sation of the convulsion during or immediately after the
injection provides strong evidence for hypocalcemia, but
continuation of the conculsion may not exclude it. In case
of hypocalcemia, determinations must also be obtained of
serum Mg, Pi, total protein, urea, or creatinine, and, pref-
erably, Ca2�.

B. Diagnosis of Deficient
Parathyroid Hormone Effect and
Latent Hypoparathyroidism

Manifestly deficient PTH effect is recognizable from the
coexistence of hypocalcemia and hyperphosphatemia, pro-
vided that primary renal failure is excluded by determi-
nation of serum creatinine or urea (Fig. 12). In mild cases
of HP the serum Pi concentration may be normal.

To identify persons at risk of hypocalcemia during
periods of hypocalcemic stress due to fasting, exception-
ally low Ca intake or high Pi intake, or therapy with loop
diuretics, reserve capacity of PTG should be evaluated
with the EDTA infusion test (Table 5) in normocalcemic
patients with components of the syndromes that often in-
clude HP, especially the DiGeorge malformation complex
(Sec. XII.A.), or with a history of so-called transient HP
in the neonatal period of later (161, 162, 225, 232, 233).

C. Differentiation of Hypoparathyroidism
and Pseudohypoparathyroidism

Features of AHO in the habitus and radiographic evidence
of hyperparathyroidism strongly suggest PHP. Character-
istics of a specific form of HP (APECED, the DiGeorge
malformation complex, the Kenny–Caffey syndromes,
hypomagnesemia, surgical HP) may suggest or even give
a definite diagnosis. HP and PHP are differentiated by
simultaneous measurements of serum Ca and intact PTH
(315) or PTH1–32. In unclear cases, those measurements
should be obtained during hypocalcemia (before therapy,
or induced by cessation of therapy, or by an EDTA infu-
sion; Table 5), because that increases plasma PTH in PHP,
accentuating the contrast between subnormal levels in HP
and supranormal levels in PHP. Subnormal levels include
levels within the so-called normal range during hypocal-
cemia.

A determination of serum 25-hydroxyvitamin D may
be needed to exclude vitamin D deficiency, which may
cause PTH resistance (313) and suppress the supranormal
levels of PTH in PHP. Some patients with PHP may show
the characteristic supranormal plasma PTH levels only af-
ter repletion of calcitriol (271). Hypomagnesemia may
likewise have to be corrected to reveal the supranormal
PTH levels of PHP (316).

The PTH test (Fig. 13) may help to confirm or ex-
clude PHP, in addition to being the key to the diagnosis
of the specific type of PHP. This test may not differentiate
between HP and PHP-II, however, because the cAMP re-
sponse is normal in both. The phosphaturic response
should differentiate between these two conditions but is
not quite reliable but may give both false-positive and
false-negative results even when the ideal response index,
the relative decrement in TmP/GFR (Sec. IV.A.), is used
(317, 318).

An alternative approach is to test whether the kidneys
respond to a PTH test dose by an increase in plasma cal-
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Figure 12 Flow diagram of diagnostic procedure for suspected hypocalcemia. Pi, inorganic phosphate; ↓, subnormal; ↑,
supranormal; →, normal; AHO, the Albright hereditary osteodystrophy; TmP/GFR, quotient of maximum rate of tubular phos-
phate reabsorption and glomerular filtration rate (relative decrement of this quotient is the best index of PTH effect on tubular
reabsorption of phosphate [Sec. IV.A.; Fig. 5]). Plasma cAMP measurement may be preferable to urine cAMP in the PTH test
(Fig. 13). In a normocalcemic patient with suspicion of latent HP, perform EDTA test (Table 5).

citriol. In a small series of mostly adult patients, all 14
patients with HP showed a 24 h increment in plasma cal-
citriol of at least 24 pmol/l (10 pg/ml), whereas the re-
sponses all four patients with PHP were below this limit
(319). Another method is to observe whether the skeleton
responds to a trial treatment with PTH over some days by
an increase in calcemia.

D. Diagnosis of Specific Forms
of Hypoparathyroidism

Patients with APECED should be identified, because of
their risk of developing new, possibly dangerous, com-
ponents of the disease. A firm clinical diagnosis of
APECED requires the presence of at least two of the fol-
lowing: chronic or recurring mucocutaneous candidiasis,
HP, and adrenocortical failure (or antiadrenal or 21-hy-

doxylase autoantibodies). If a sibling fulfills this criterion,
one of any of the autoimmune or clear ectodermal com-
ponents of APECED (Sec. XI) suffices for the diagnosis.
The two-out-of-three-criterion became fulfilled within the
first 5 years of life in only 22% of our patients, in the
next 5 year period in another 45%, in the second decade
of life in a further 22%, in the third decade in 4.5%, and
only later in 2%. It was not fulfilled in a male patient by
the time of his death at the age of 45 years from oral
cancer, a consequence of APECED; his postmortem di-
agnosis depended on his sister’s diagnosis. Thus the cri-
terion gives no false-positive diagnoses, but false-negative
results are common, especially at a young age.

Hence, for appropriate clinical diagnosis, knowledge
of the disease components other than the above-named
three most common ones should be utilized. When a per-
son under the age of 50 years has a disease that belongs
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Table 5 EDTA Infusion Test of PTG Reserve

Procedure
After an overnight fast infuse over 2 h disodium EDTA
intravenously 75 mg/kg (not exceeding 3 g) in 200–500
ml (depending on the size of the patient) 5% glucose
solution containing 0.1 mg/kg lidocaine.

Obtain blood samples for determinations of serum
Ca2� and PTH just before the infusion and at 30, 60,
120, 180, and 240 min.

Assessment
Normal PTG reserve is indicated by a clear rise in serum
PTH already at 30 min, and full recovery of serum Ca2�

by 240 min. Defective reserve is reflected by absent or
subnormal rise of serum PTH and delayed recovery of
serum Ca2� levels.

Source: Refs. 163, 251.

to the components of APECED, he or she should be eval-
uated for the ectodermal, oral, and ophthalmic compo-
nents. If two components of APECED are present without
any other definite explanation, the patient should be eval-
uated for development of further components, or a search
for AIRE mutations should be considered. Mutation di-
agnosis (Sec. XI.D.) is available from several specialized
laboratories internationally. The relatively large number of
mutations, and the fact that many others remain unrecog-
nized, causes problems in the mutation approach to the
diagnosis. Hence, APECED cannot be thus excluded.

It is also important to identify patients with hypocal-
cemic hypercalciuria among subjects with HP, to avoid
renal complications. A finding of hypocalcemia not asso-
ciated with an undetectable or very low serum PTH con-
centration (but not supranormal as in PHP) and normal or
supranormal calciuria should suggest that diagnosis. How-
ever, it is not possible to detect all cases by those mea-
surements. Family screening for hypocalcemia, especially
of the patient’s parents, is advisable and may indicate
dominant inheritance. The single-strand conformational
polymorphism (SSCP) technique may be helpful for rapid
molecular genetic screening for mutations of the Ca-R
(90), but the same limitations are valid for the DNA di-
agnosis of hypocalcemic hypercalciuria as for APECED.

DiGeorge malformation complex-type dysmorphic
facial appearance in an individual with a major outflow
tract defect of the heart or a history of susceptibility to
infections should raise suspicion of this condition. In in-
fancy, hypocalcemia is a characteristic feature, although
it may be intermittent and has a tendency to resolve during
the first year. Immunological assessment relies on chest
radiography to detect a thymic shadow (a notoriously un-
reliable investigation, particularly in a stressed infant) and
measurement of the CD4-positive subset of lymphocytes.
The investigations of choice are a standard karyotype to

exclude major rearrangements, and search for the 22q11.2
and 10p monosomies by the fluorescence in situ hybridi-
zation techniques (178, 181). Parents should be screened
for carrier status (320). The possibility of HP and an im-
mune defect should be kept in mind in apparently isolated
cases of conotruncal defects, particularly truncus arterio-
sus communis, D-transposition of the great vessels, Fal-
lot’s tetralogy (321), and supracristal ventricular septal de-
fect.

Phenotypic differences between DiGeorge malfor-
mation complex as associated with monosomy of 22q11
and monosomy 10p, involve a higher frequency of renal
abnormality and deafness, and more heterogeneous car-
diac defects in the latter. The type of deafness differs:
about one-third of the patients with monosomy of 22q11
have a conductive hearing loss owing to recurrent otitis
media or palatal abnormality or both, while the deafness
in patients with monosomy 10p is sensorineural.

To diagnose the transient nature of neonatal and sur-
gical HP, substitution therapy should be interrupted in the
young infant with HP (the first time at 6 weeks after its
introduction) and in surgical HP (the first time 3 weeks
after its introduction), with close observation of the pa-
tient for recurrence of hypocalcemia. Absence of recur-
rence proves the transient nature of the disorder. However,
PTH reserves should be tested for permanent subnormal
levels (Sec. XVI.B.).

HP secondary to maternal hyperparathyroidism is
confirmed by definite diagnosis of the mother’s disease
and the transient nature of the infant’s HP. HP secondary
to Mg depletion (XIII.C) is confirmed if hypomagnesemia
is severe and Mg repletion corrects the HP. Mg deficiency
appears to be a more frequent secondary feature of HP
than commonly recognized. It may be particularly prev-
alent in patients with hypocalcemic hypercalciuria (322).

Isolated idiopathic HP can be positively differentiated
from APECED only if the patient belongs to a kindred
with definite case(s) of isolated idiopathic HP.

E. Type Diagnosis of
Pseudohypoparathyroidism; Diagnosis of
Pseudopseudohypoparathyroidism

The type of PHP should be determined for assessing the
risk of hypothyroidism and hypogonadism and for pur-
poses of genetic counseling. Presence of AHO points to
types Ia and Ic, and its absence to Ib and II. Firm diag-
nosis requires that the PTH test be performed with bio-
synthetic fragments of human PTH, such as PTH1-34 or
PTH1-38, with determination of plasma and/or urinary
cAMP response (Fig. 13) (317, 318). The patient should
have a steady water diuresis during the test (323). Defi-
cient cAMP response identifies type I and normal re-
sponse identifies type II. PHP-Ia is recognized from evi-
dence of other hormone resistance, most readily by a
supranormal TSH response to TRH test. Deficient activity
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Figure 13 PTH test: effect of an intravenous injection of human PTH (0.5 �g/kg of PTH1-38 over 2 min) on cAMP concen-
tration in plasma (upper panels, nmol/l) and urine (middle panels, nmol/dL glomerular filtrate), and on tubular reabsorption of
phosphate (TRP, lower panels, decrease in %) in controls (left) and in patients with PHP and HP (right). The rectangles in the
right panels indicate the ranges of controls. (From Ref. 318.)
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of the Gs protein may be demonstrated or excluded by
studying erythrocyte membranes (324), and specialized
laboratories can search for Gs�-affecting mutations of the
GNAS1 gene (324a).

The definition of P-PHP is the presence of AHO with
a normal cAMP response to the PTH test (Fig. 13).

XVII. THERAPY

A. Therapy of Tetany

A patient who is convulsing or has laryngeal stridor or
severe tetany should promptly be given an intravenous
injection of 10% Ca–gluconate solution. This solution
contains 0.22 mmol/ml (8.8 mg/ml) Ca. The most rapid
effect can be attained by injection of 0.25 ml/kg (0.055
mmol or 2.2 mg/kg) over not less than 2 min. This may
ameliorate the tetany for 15 min to several hours; if not,
the injection may be repeated in case of confirmed hy-
pocalcemia. A continuous infusion should then follow: 1.8
ml/kg (0.4 mmol; 16 mg Ca/kg) of the 10% solution over
6–12 h (325). Extravasation of the solution should be
strictly avoided, because of the risk of tissue necrosis. It
should preferably be given diluted (e.g., 1:10 in 5% glu-
cose solution). Oral administration of Ca salts is efficient
for the control of hypocalcemia and is preferable to pro-
longed infusion. Liberal amounts should be given orally;
for example, 50 mg Ca/kg/24 h in four or five divided
doses. To sequestrate Pi in the intestine, dosages may be
4fold higher. The Ca content of oral preparations varies:
carbonate 40%, chloride 36%, lactate 13%, gluconate
8.8%, and glucobionate 6.5%. Thus, 2.5 g, 2.8 g, 7.7 g,
and 11.0 g are required, respectively, to provide 1.0 g Ca.
Chloride can only be given in dilute (2%) solution (pref-
erably in fruit juice) because it irritates the gastric mucosa.
During fat malabsorption, the effect of oral administration
may be poor.

B. Long-Term Therapy

1. General Aspects
The aim of therapy for patients with HP is to maintain
plasma Ca at around the lower limit of the normal con-
centration range (2.0–2.2 mmol/l [8.0–8.8 mg/dl], Ca2�

0.98–1.08 mmol/l) so that hypocalcemic manifestations
are limited to the mildest symptoms and harmful hyper-
calciuria is avoided. Plasma Pi levels should also be nor-
mal. If therapy is successful, HP does not disturb the pa-
tient’s life, and long-term complications will be avoided.
The most serious risk to be most carefully avoided is hy-
percalcemia. It easily remains unnoticed, yet may cause
irreparable kidney damage in a few weeks. In addition to
drugs, therapy includes regular intake of relatively large
amounts of fluid (to avoid low urine flow) and normal
nutrition, with particular avoidance of fasting and high
phosphate intake.

Treatment of patients with hypercalciuric hypocal-
cemia (Sec. X.A.) must be undertaken particularly care-
fully because of their higher level of hypercalciuria.
Asymptomatic patients should not be given any medica-
tion for their hypocalcemia, and even symptomatic pa-
tients should be given only enough to alleviate their symp-
toms, not to make them normocalcemic.

In patients with PHP, in contrast to those with HP,
therapy should aim at maintaining plasma Ca at a high-
normal level (73). The basic differences between these
two conditions dictating this difference in therapy are that
normocalcemia causes hypercalciuria in HP but not in
PHP, and that in PHP even low normal calcemia is asso-
ciated with secondary hyperparathyroidism, which may
harm the skeleton.

Two principles of long-term drug therapy apply: (a)
PTH replacement with a calciferol sterol is a necessity;
and (b) oral Ca supplementation is a recommendable ad-
junct therapy, and oral Mg should be added to avoid Mg
depletion. The dosage of the sterol has to be carefully ad-
justed and frequently readjusted, because the need may
fluctuate even after long periods of steady normocalcemia.
Serum Ca and Pi levels, and urinary Ca excretion, must be
regularly monitored. Responsibility for control of calcemia
lies with the family. The patients should carry a physician-
alert sign identifying that he or she has the disease.

The patient and family should be well informed about
the patient’s lack of normal tolerance of varying Ca in-
take. Once the substitution therapy has been adjusted to a
level of Ca intake, this should be maintained. An extra
intake of Ca, such as an unusually large amount of milk
or a tablet containing 1 g Ca, which would be well tol-
erated by a normal person by means of a prompt reduction
of PTH secretion, may produce a period of hypercalcemia
in the patient. A reduction of Ca intake due to fast or a
change in diet may likewise lead to hypocalcemia, be-
cause of the absence of a normal ability to increase
promptly the secretion of PTH.

PTH1-34, should it become available affordably,
would offer the benefits of physiological replacement ther-
apy. Two daily subcutaneous injections seem to provide
for normocalcemia without the risk of hypercalciuria
(322).

2. Sterol Therapy
Calciferol sterols (Table 6) are the only drugs generally
available for long-term replacement therapy. Hypocal-
cemia can be effectively controlled with them and the de-
sired level of calcemia can be maintained, because they
increase the flow of Ca2� from the intestine and skeleton
(Fig. 14). Normocalcemia will, in itself, restore the in-
herent ability of the kidneys to adjust the excretion of Pi
to phosphatemia. Reaching a sustained decrease in plasma
Pi levels requires, on average, 2 months (326). However,
the sterols lack one important renal action of PTH: stim-
ulation of the distal tubular reabsorption of Ca2�. Hence,
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Table 6 Calciferol Sterols Used in the Therapy of
Patients with HP and PHP

Sterol

Average
dosagea

(�/kg/day)

Average
half-life
(days) Comments

Calcitriol 0.03 1 Good, limited experience
1�(OH)D 0.06 2 Good, limited experience
DHT 20 7 Highly recommended
25(OH)D 4 15 Questionable value
D2 and D3 50 30 Risk of cumulative action

aIndividual variation in requirement is great, and may fluctuate.
Therapy should be initiated with about half this dosage, and the
dosage carefully adjusted according to response. Frequent monitor-
ing of serum Ca and Pi levels and 24 h urinary Ca is mandatory,
even in patients with stable response (see text). Clear onset of action
is usually evident approximately at half-life, a plateau in 2–4 half-
lives, and after discontinuation of the drug, its action continues for
2–3 half-lives, but this may be much longer for the D vitamins.

Figure 14 Effect of therapy with calciferol sterols in HP.
For explanations and comparison, see Figure 6; this therapy
is not complete replacement of PTH because the calciferols
lack the renal effects of PTH.

normocalcemic patients with HP excrete on average three-
fold more Ca in urine than normal persons (Fig. 11). This
poses a risk of Ca sedimentation in the kidneys. To avoid
this danger plasma Ca levels should be maintained no
higher than the lower border of the normal range, and
measurements of urinary Ca excretion are a part of the
routine monitoring of therapy. In contrast, patients with

PHP normalize calciuria with therapy (Fig. 11). It is as-
sumed that their endogenous PTH stimulates the distal
tubular absorption of Ca2� as soon as their calcitriol levels
are normalized. Even optimized sterol therapy does not
substitute for normal PTH secretion, which varies greatly
according to mineral balance.

The D vitamins (D2 and D3 are identically efficient)
have a slow, prolonged, and cumulative action. They in-
volve a risk of severe prolonged hypercalcemia, even after
years of stable maintenance of normocalcemia, because
they are stored in the adipose tissue. The stores may be-
come large enough to maintain replacement therapy for
as much as 6 months (77). Therefore, vitamin D is not
recommended for routine replacement therapy, especially
not for labile patients, and when regular laboratory mon-
itoring cannot be guaranteed. The effect of vitamin D is
probably based on the generation of large amounts of 25-
(OH)D, which has a low affinity for the VDR. 25-(OH)D3

is available in the Unites States and some other countries.
It has little to recommend it, particularly if its cost is high.

Calcitriol and 1�-(OH)D are the fastest- and shortest-
acting derivatives, and probably good alternatives for ther-
apy. Two very favorable reports have appeared on the
long-term use of calcitriol in children with HP. None of
them had APECED (in which HP may be very labile and
the longer-acting DHT may therefore be the drug of
choice). In a report on 10 children (326) the dosage, ini-
tially 0.25 �g/day, was raised in increments of 0.25 �g
until normocalcemia was achieved, over a minimum of 3
days. The final dosage was 0.50–1.25 �g/day, given in
two or three divided doses. It was neither weight- nor age-
related. Hypercalcemia was observed eight times during a
total of 35 patient years; it was controlled by an interrup-
tion of therapy for 3 days. Hypocalcemia was registered
10 times, half of them transient and related to intercurrent
febrile illness. In a report on four children (327), the dos-
age required to maintain plasma Ca at levels above 2.0
mmol/l (8.0 mg/dl) was 0.75–1.00 �g/day. Only two hy-
percalcemic and two hypocalcemic periods were observed
during a total of 21 patient years.

In a comparative study of therapy in adults with HP
or PHP (328), the mean daily doses required were similar
with calcitriol (1.5 �g) and DHT (450 �g). In contrast,
consistently in several studies (25, 328, 329) of 1�(OH)D,
more was required in patients with HP (4 �g) than with
PHP (2 �g). This may reflect a pathophysiological differ-
ence between these two diseases. Long-term safety of
1�(OH)D has been established (330).

Crystalline DHT is an intermediate-acting derivative,
and an excellent drug for long-term therapy. This vitamin
D derivative has multiple advantages for use in patients
requiring pharmacological dosages, as in HP (331). The
crystalline form of this drug has an ideal duration of action.

It is important to become well acquainted with the
use of one drug, and establish clear rules for it, which
must also be given to the patient and parents. The author’s



Hypoparathyroidism and Mineral Homeostasis 455

rules for DHT therapy are provided as an example. The
full effect of a dose of DHT is reached in 10–20 days. In
regular therapy, one daily dose is given or, in the case of
a very small dose (<0.05 mg), one dose every second day.
Therapy is started with a dose likely to be too small rather
than too large. The dose is increased at intervals of 10–
14 days as necessary to maintain the ideal serum Ca level.
For fine adjustment, the increments/decrements of the
dose should be around 10%. At the start of therapy and
whenever the dose is increased, an extra dose is given that
is sevenfold the increment. Whenever the dose needs to
be adjusted slightly downward, a similar omission (sev-
enfold the decrement) is made at once. In moderate hy-
percalcemia (at or above 2.6 mmol/l, 10.4 mg/dl; Ca2�

1.27 mmol/l) the DHT intake is discontinued for a few
days and restarted only when a repeat serum Ca deter-
mination shows a decrease to close the ideal level.

3. Refractoriness to Sterol Therapy
Some patients become refractory to oral sterol therapy.
This is not uncommon in patients with APECED, and an-
other kind of case is on record (331, 332). In APECED
one frequent contributing factor is fat malabsorption. Pa-
tients with this condition need to be monitored very care-
fully. Usually, however, maintenance of the recommended
level of calcemia will keep the malabsorption under con-
trol. Fat malabsorption leads to a vicious cycle: like other
lipids the sterol is poorly absorbed and this causes im-
pairment of the hypocalcemia, which makes the fat mal-
absorption more severe. The cycle might be broken by
increasing the oral doses of the sterol and Ca, and by
decreasing fat intake or replacing ordinary fat by medium-
chain triglycerides, which are more completely absorbed
in this situation than are ordinary fats (77).

It is important to use the shorter-acting derivatives in
the oral therapy of these patients, because very high doses
(even 20-fold the regular dose) may be needed. In these
situations serum Ca needs to be monitored several times
weekly so that the dose may be immediately reduced when
the calcemia starts to improve. Parenteral administration of
calcitriol or 1�-(OH)D may help to break the cycle, if daily
injections can be arranged. An attempt to decrease the mal-
absorption by intravenous Ca infusion failed, since the
large amount of Ca passed rapidly into the urine.

Mg deficiency may sometimes be a factor in the re-
sistance (77), and magnesemia reflects the Mg nutrition
poorly. MgCl2, in dosages up to 2 mmol/kg day orally,
has reduced the sterol requirements of some refractory
patients (77, 331).

Other factors may be involved. One patients of ours,
who has had no clear steatorrhea, has been resistant to
oral therapy with both DHT and 9�-fluorocortisol.

4. Calcium and Magnesium Supplementation
The ideal long-term therapy of HP probably includes a
supplement of approximately 20 mg elementary Ca/kg

daily (up to the total dose of 1.0 g) given as one of the
oral preparations (Sec. XVII.A.), the most palatable of
which may be the effervescent tablets. It must be divided
in three to four doses to avoid single doses in excess of
7 mg/kg, and undue fluctuation of plasma Ca level (Sec.
XVII.B.1.). This supplementation may help to control the
hyperphosphatemia, and it offers the possibility of rapid
correction of intervening hypercalcemia by stopping the
substitution. However, if taking the supplement regularly
would be uncertain, or if the supplementation is thought
to be too stressful, it should not be prescribed at all. A
good balance can usually be achieved without it.

The supplementation should be used at the beginning
of therapy at least as long as the patient is expected to be
hypocalcemic. In intervening situations of hypocalcemic
stress (Sec. VII.A.) or hypocalcemia, a temporary substi-
tution may be restarted, or the dosage of continuing sub-
stitution may be increased. However, single dosages
should not exceed 7 mg/kg.

A daily oral supplement of 50 to 200 mg Mg is also
recommended.

5. Therapy of Hyperphosphatemia
In the beginning of therapy for HP or PHP, it is advisable
to restrict ingestion of milk and cheese for 2 months to
reduce phosphate intake. The corresponding amount of Ca
should be replaced with one of the oral Ca preparations.
The described therapy commonly leads (within approxi-
mately 2 months) to normalization of phosphatemia, be-
cause the correction of hypocalcemia directly reduces the
supranormal tubular Pi reabsorption. Furthermore, nor-
malization of calcitriol activity may partially restore the
inherent tubular ability to adapt to phosphatemia (Sec.
IV.C.).

In some patients, however, the normalization of phos-
phatemia fails. In such patients, the dietary phosphate re-
striction should be continued. Aluminum hydroxide and
carbonate, a dose with each meal, have been used for in-
testinal binding of Pi in patients with chronic uremia.
These chemicals carry a risk of aluminum toxicity. Fur-
thermore, my personal experiences with this therapy in
HP have not been successful.

6. Therapy of Magnesium Deficiency
Secondary Mg deficit should be eliminated with oral ad-
ministration of Mg chloride, citrate or lactate, which may
need to be continuous. Often, 2 mmol/kg Mg daily di-
vided in three or four doses is adequate (77).

In HP secondary to Mg depletion, the initial therapy
consists of an intravenous infusion of a solution of Mg
chloride or gluconate; 1–2 mmol/1.7 m2/h is generally
required to reach and maintain normal plasma level of
Mg2�. In a convulsing patient, the replacement may be
started by giving slowly a bolus of 5–10 mmol/1.7 m2,
and continued at a rate of 5–7.5 mmol/1.7 m2/h for the
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first 1–2 h. The use of intramuscular MgSO4 is not rec-
ommended, because the injections are painful.

Deficits of Ca, K, and Pi should simultaneously be
corrected. Oral calciferol should be given for vitamin D
efficiency; calcitriol should not be used because it may
worsen the hypomagnesemia (333). The intracellular deficit
of Mg is only slowly corrected and most of the infused
Mg2� may be excreted, hence the infusion may have to be
continued for 3–5 days. The therapy can then be continued
with oral Mg salts, 2 mmol/kg daily (up to a total daily
dose of 1.0 g Mg or 40 mmol) divided in four doses (77).

7. Laboratory Follow-Up
Serum Ca and Pi determinations should routinely be done
together. The accuracy and precision of Ca determinations
are often less than excellent, and an unexpected value
should be promptly confirmed before being taken as a
basis for adjustment of therapy. Measurements of plasma
Ca2� are preferable to measurements of total Ca (326).
Plasma total Ca may change postprandially, depending on
the nature of the meal. Therefore, measurements after an
overnight fast are preferable to random measurements.
Also, prolonged application of a tourniquet leads to spu-
rious elevation of plasma Ca. Normal plasma Pi levels
depend on age (Table 1). Increments and decrements of
0.4 mmol/l (1.0 mg/dl) may occur after phosphate- or car-
bohydrate-rich meals, respectively. Therefore samples for
routine determinations should be taken after an appropri-
ate fast (overnight for all but infants).

It is our rule to have these determinations done at the
maximum intervals of 6 weeks even in patients with stable
levels. During labile periods, repeats may be needed even
twice weekly. Frequent determinations of 24 h urinary Ca
are recommended to check that the kidneys are not at risk
for hypercalciuria, which is not reliably reflected by cal-
cemia (77). Shorter collection periods are not recom-
mended, because of the inconsistent diurnal variation of
calciuria. The 24 h excretion should remain below 0.1
mmol/kg (4 mg/kg). If this rate is exceeded, calcemia
should be maintained at a lower level. We do most of the
laboratory checking by having the laboratory closest to
the patient’s home take the blood samples and mail the
serum and a sample of urine to our laboratory. The 24 h
urine specimens are likewise collected at home and, with
a few milliliters of glacial acetic acid added, a sample
from the measured total mixed volume is mailed to the
laboratory. This is clearly more reliable than the use of
unknown laboratories.

Serum Mg levels should also be checked at least twice
annually for the development of secondary Mg deficiency.
Serum creatinine levels should likewise be checked even
in patients with no known hypercalcemic periods.

8. Control by the Patient or the Parents
Parents and cooperative patients must be familiar with the
symptoms of hypocalcemia and, especially, hypercalcemia

(headache, increased nocturnal urine flow, thirst, anorexia,
nausea, vomiting, constipation, lethargy, weakness, alter-
ations of mental status) to be able to react to these without
delay. They need detailed written information about the
disease and these symptoms, including the immediate
steps to be taken if they should appear. These steps in-
clude having a blood sample taken without delay to check
serum Ca and Pi levels, contacting the physician, and,
should this fail, first-aid adjustment of the drug therapy
according to rules that are provided.

The parents and cooperative patients should be taught
to perform the Chvostek test (Sect. VIII.B.1.b.). The value
of this test needs to be established individually: in some
cases, even the grade 1 sign may be significant. Some
patients have discovered personal methods for recognizing
hypocalcemia.

9. Patients with Associated Addison’s Disease
In patients with HP who also have Addison’s disease, it
is important to anticipate a decrease in Ca absorption and,
consequently, hypocalcemia whenever the cortisol substi-
tution dosage is increased even slightly, and the opposite
may occur after a decrease in dosage.

Unexpected hypercalcemia may be the first signal of
Addison’s disease.

10. Special Aspects of
Pseudohypoparathyroidism

In patients with PHP, maintenance of normocalcemia is
likely to improve endogenous Ca mobilization, and bring
about a decrease in the sterol requirement. In contrast to
patients with HP, patients with PHP during adequate sterol
therapy have normal calciuria (Fig. 11). Hence, they
should not need continuous Ca supplementation.

It is essential that hypothyroidism, which is fre-
quently associated with PHP-Ia, be diagnosed and treated.

11. Therapy of Complicating Hypercalcemia
Intervening hypercalcemia should be prevented through
adequate monitoring, even during prolonged periods of
stable normocalcemia, through an anticipatory decrease in
replacement therapy in hypercalcemic risk situations (re-
duced mobility during illness, unusually high intake of
milk products), and familiarity of the patients and parents
with symptoms of hypercalcemia.

In hypercalcemia it is particularly important to main-
tain a relatively large fluid intake. Ca supplementation
must be interrupted and foods with a high Ca content must
be eliminated: milk, cheese, fish with bones (canned
salmon, sardines etc.), leafy greens, and almonds. Mild
hypercalcemia in a patient receiving a short- or interme-
diate-acting sterol may be controlled by a break of one-
half to a complete half-life of the sterol in taking the sterol
therapy followed by a decreased dose. In moderate hy-
percalcemia (serum Ca at or above 2.6 mmol/l, 10.4
mg/dl, Ca2� 1.27 mmol/l) it is advisable to delay rein-
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troduction of the sterol until serum Ca has returned to the
target level. This is mandatory during therapy with vita-
min D. During this therapy, and even during therapy with
DHT, the patient may be unusually sensitive to reintro-
duction of the drug after a hypercalcemic period.

Some patients enter a vicious cycle in which hyper-
calcemia causes increased urine flow and a hyponatremic
dehydration, which in turn aggravates the hypercalcemia.
In these situations, rapid rehydration with a physiological
Na� solution is mandatory. The rehydration with the en-
suing natriuresis will usually rapidly alleviate the hyper-
calcemia.

In severe hypercalcemia (at or above 3.0 mmol/l, 12.0
mg/dl, Ca2� 1.47 mmol/l) stronger measures are needed.
Available alternatives are therapies with calcitonin and
glucocorticoids (20–40 mg/m2/24 h prednisolone in four
daily doses, to inhibit the intestinal absorption of Ca),
maintaining natriuresis with an intravenous infusion of
physiological Na� solution, and furosemide (which in-
creases calciuria in contrast to thiazide diuretics).

12. Risk Situations
Febrile illness and fasting predispose to hypocalcemia.
The stress of a febrile illness may cause breakdown of
intracellular organic phosphate compounds, with an in-
crease in extracellular Pi leading to a decrease in Ca2�

level (77). Fasting reduces the inflow of Ca. Immobility,
because of bed rest for illness, predisposes the patients to
hypercalcemia. If motility is markedly reduced, as in tran-
sition from a normally moving to a motionless state, a
preventive reduction of the sterol dosage should be con-
sidered, and plasma Ca and Pi levels should be evaluated
closely.

Introduction of therapy with thiazide diuretics or an-
ticonvulsants is another hypercalcemogenic intervention;
these drugs reduce calciuria. The opposite is true of
furosemide. A decrease in the glucocorticoid dosage also
elevates calcemia, and an increase does the reverse.
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I. INTRODUCTION

Although it makes up less than 1% of total-body calcium
stores, extracellular calcium plays a critical role in mam-
malian physiology. This circulating divalent cation regu-
lates cell membrane electrical potential, neurotransmitter
release, renal function, and cardiovascular tone. Thus,
maintenance of serum calcium levels in the normal range
is a fundamental homeostatic mechanism. The task of
maintaining circulating calcium levels in the normal range
is the domain of the parathyroid glands. Elevation in cal-
cium levels, as in hyperparathyroidism, impairs renal
function and can affect other organ systems. Thus, proper
recognition and treatment of hyperparathyroidism are es-
sential.

II. THE PARATHYROID GLANDS

The parathyroid glands are paired structures located be-
hind or within the superior and inferior aspects of the
thyroid (1). In 84% of individuals, four parathyroid glands
are present (1). The superior pair of glands is generally
found 1 cm above the recurrent laryngeal nerve and in-
ferior thyroidal arteries, behind the upper thyroid. The in-
ferior glands are located behind the inferior poles of the
thyroid. In 13% of individuals, a fifth gland is present in
the region of the thymus (1). Each gland is small, mea-
suring less than 6 � 5 � 2 mm in adulthood (1).

The parathyroid glands are encapsulated by fibrous
connective tissue (1). Within the glands, fibrovascular
bundles divide the stroma into cordlike structures. Chief
cells, of epithelial origin, are typically the only cell type
recognized within the glands before puberty. After pu-
berty, fat deposition occurs within the glands, and fat con-

tent may reach 10–50% of parathyroid cell mass in adults
(2). Oxyphilic cells are rare in children and make up less
than 5% of parathyroid tissue in adults (3).

Parathyroid gland embryogenesis occurs during early
gestation (4). During gestational week (GW) 6, the dor-
sum of the third pharyngeal pouch differentiates into the
inferior parathyroid glands. The ventral region of this
pouch differentiates into the thymus. The thymic and par-
athyroid primordia are contiguous until GW 10, when the
parathyroids separate from the thymus. The fourth pha-
ryngeal pouch gives rise to the superior parathyroid
glands. At GW 10, both pairs of glands come to lie on
the dorsal surface of the thyroid gland, which completes
its migration from the foramen cecum to the pretracheal
region by GW 8 (4).

There may be excessive migration of both the superior
and inferior parathyroid glands (1). Thus, the final resting
location of each gland pair may be inferior to the normal
position. The superior glands may migrate to the region of
the lower thyroid, and the inferior glands may migrate be-
low the suprasternal notch to within the thymus (1). Para-
thyroid tissue may also migrate to within thyroid tissue (5).

The factors involved in parathyroid gland formation
and migration are unknown. Transgenic animal studies sug-
gest that the homeobox gene Hox-1.5 may be involved in
parathyroid gland development. The selective deletion of
Hox-1.5 in mice results in abnormal differentiation of the
third and fourth branchial arches and a phenotype similar
to DiGeorge syndrome (parathyroid hypoplasia, cardiac ab-
normalities, and thymic hypoplasia) (6). In humans, se-
quences on 22 p11 appear to be essential for parathyroid
gland development, since a deletion on this region classi-
cally results in the DiGeorge disease phenotype (7).

In X-linked recessive idiopathic hypoparathyroidism,
genetic mapping has localized the gene defect region to
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Xq 26–Xq 27 (8, 9). However, the specific genes involved
have not been identified. Impaired parathyroid gland for-
mation has also been associated with deletions of mito-
chondrial DNA (10).

Chief cells differentiate during the embryonic period
and are functional during fetal life (4). Oxyphil cells do
not differentiate until 6 years after birth (3). After birth,
parathyroid hormone (PTH)-related peptide levels fall and
PTH levels increase (11).

III. PARATHYROID HORMONE AND
REGULATION OF ITS SECRETION

A gene on the short arm of chromosome 11 in humans
encodes PTH (12, 13). A preprohormone of 115 amino
acids is encoded, which is cleaved to an 84 amino acid
peptide for secretion (14–16). The hormone is secreted
by exocytosis of secretory vesicles. Intravesicular degra-
dation of PTH may occur, and is reduced in the setting of
chronic hypocalcemia as to maximize the bioactive intact
PTH. PTH secretion is regulated largely by external cal-
cium levels. At low calcium levels PTH secretion is stim-
ulated, whereas PTH release is suppressed at high levels.
In vivo and in vitro studies suggest that the ionized cal-
cium concentration required to achieve half-maximal sup-
pression of PTH secretion is 0.99 mmol/l (17, 18). In nor-
mal circumstances, circulating levels of intact PTH range
between 10 and 65 pg/ml (19). During hypocalcemia, lev-
els may rise fivefold (19). During hypercalcemia, levels
are undetectable, or less than 10 pg/ml (19).

The mechanism by which extracellular calcium reg-
ulates PTH secretion involves a novel protein found on
the parathyroid cell surface that senses ionized extracel-
lular calcium levels. This calcium-sensing receptor
(CaSR) has a long extracellular N-terminal moiety where
calcium binds in a molecular pocket (17). The receptor is
related to the metabotropic glutamate receptors found in
the central nervous system (CNS), has seven transmem-
brane-spanning regions, and an intracellular C-terminal
tail that is important for signal transduction via G-pro-
teins. The CaSR is found in the parathyroid glands, kid-
ney, brain, bone, and other sites (20). When activated by
binding calcium atoms, the CaSR signals the parathyroid
glands to inhibit PTH secretion. As the concentration of
ionized calcium declines, CaSR occupancy is reduced,
and PTH secretion is restored. Activating mutations in the
CaSR result in autosomal dominant hypocalcemia (21,
22). In contrast, inactivating mutations of the CaSR result
in familial hypocalciuric hypercalcemia (FHH) in the het-
erozygous form and severe neonatal hyperparathyroidism
in the homozygous state (see below) (21, 22).

Hypomagnesemia may also stimulate PTH secretion,
presumably related to the affinity of the CaSR for mag-
nesium (23). However, when magnesium levels drop be-
low 1.5 mg/dl, PTH secretion may be impaired (23). Hy-
perphosphatemia may also increase PTH secretion. In
many clinical situations this is secondary to phosphate-

induced suppression of calcium levels (24). However, am-
bient phosphate levels have been shown to regulate
parathyroid secretion when calcium levels are fixed (25).
This effect may play a role in the development of sec-
ondary hyperparathyroidism in chronic renal failure, when
serum calcium levels may not be decreased (25).

The vitamin D metabolite, 1,25-dihydroxy vitamin D,
can also directly inhibit PTH secretion, and decrease the
abundance of PTH message (26). 24,25 dihydroxy vitamin
D has also been shown to inhibit PTH secretion and re-
duce parathyroid gland mass (27). Thus, these compounds
are useful in preventing and treating secondary hyper-
parathyroidism.

IV. ASSAYS FOR PARATHYROID
HORMONE

A variety of assays for PTH are available. Two-site assays
detect intact PTH (1–84) utilizing a distinct antibody to
the C-terminus to capture the molecule to a solid phase,
and then a specific amino-terminus directed antibody cou-
pled to a radioisotope or chemiluminescent moiety, which
serves as the detection signal (28, 29). These assays are
useful in settings in which clearance of PTH fragments is
impaired, such as in renal failure.

In comparison with two-site assays, assays directed to
the midmolecule fragment may detect hyperparathyroidism
before PTH elevations are evident using the two-site assay
(30). We have also used specific radioimmunoassays with
antibodies directed toward the N-terminus of the molecule,
but have found that the available N-terminal assay is less
discriminatory than late midmolecule assays. Thus, mea-
surement of PTH levels using two-site and midmolecule
assays may be needed if PTH levels obtained using one
assay do not fit with the clinical picture.

Another useful tool for assessing PTH activity is the
measurement of nephrogenous camp (31). This assay in-
volves measurement of cAMP and creatinine levels in a
2 h urine collection and measurement of plasma cAMP
and creatinine levels at the midpoint of the urine collec-
tion (31). The calculated urinary cAMP excretion, cor-
rected for the filtered plasma component, represents the
cAMP generated by the kidney and is an excellent index
of PTH bioactivity at the kidney.

Evidence of excess PTH activity may also be asso-
ciated with radiographic evidence of bone resorption, par-
ticularly at the tips of phalanges, and at the clavicle (32,
33). However, such changes are apparent after long-stand-
ing hyperparathyroidism and provide only a gross esti-
mate of PTH action.

V. PTH/PTHrP RECEPTORS

Parathyroid hormone exerts its many of its biological ef-
fects via specific cell surface receptors. The identification
of a family of parathyroid hormone receptor has enhanced
the understanding of PTH action (34, 35). The first-iden-
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tified PTH/PTHrP receptor is a monomeric protein of 585
amino acids, with seven transmembrane spanning do-
mains, and has affinity for both PTH and PTHrP. The
receptor couples with guanine nucleotide-binding proteins
(G proteins). Receptor occupation activates adenylate cy-
clase, leading to intracellular cAMP accumulation and
subsequent activation of protein kinase A. Receptor acti-
vation stimulates the protein kinase C pathway as well,
activating the membrane phospholipase C, which leads to
intracellular accumulation of inositol phosphates and di-
acylglycerol and increases in intracellular calcium
(34, 35).

At least two other members of this family have been
subsequently identified, including the PTH-2 receptor,
which has much greater affinity for PTH, does not sig-
nificantly bind PTHrP, and may serve as a receptor for a
novel ligand in the hypothalamus (34, 35). A third recep-
tor appears to be a specific receptor for PTHrP, with little
affinity for PTH (35).

Activating mutations of the PTH/PTHrP receptor re-
sults in Jansen’s metaphysical chondrodysplasia demon-
strating a critical role for PTH in metaphyseal develop-
ment (36). In contrast, the absence of functional PTH/
PTHrP receptors is seen in Blomstrand chondrodyspla-
sia (37).

VI. MECHANISM OF PARATHYROID
HORMONE ACTION

PTH is a major regulator of calcium metabolism and acts
on kidney, bone, and the intestine to increase the net flow
of calcium into the extracellular fluid space. In the adult,
approximately 15 mg/kg calcium is ingested and 12 mg/
kg is excreted in the feces, yielding net calcium absorption
of 3 mg/kg/day (38). The absorbed calcium is either de-
posited in the skeleton or excreted in the urine. At calcium
intakes above 10 mg/kg/day, net calcium absorption in-
creases only slightly (38).

PTH acts on the kidneys to effect renal tubular reab-
sorption of calcium (39). The kidneys filter about 8000
mg calcium/m2 each day (38, 40). The vast amount of
filtered calcium is reabsorbed, with only about 5% elim-
inated in the urine (150–250 mg/m2/day) (41, 42). During
hypercalcemia, urinary calcium excretion may increase
more than fourfold, whereas excretion falls during hypo-
calcemia (41). About 60% of filtered calcium is reab-
sorbed in the proximal tubule. The remaining calcium is
reabsorbed by the loop of Henle or distal tubules, where
PTH-stimulated calcium reabsorption acts to maintain se-
rum calcium levels in the normal range.

While promoting calcium reabsorption, PTH induces
renal phosphate wasting. Thus, following PTH-induced
bone dissolution, calcium returns to the circulation and
phosphate is excreted in the urine. The effects of PTH on
renal phosphate handling occur primarily at the proximal
tubule (43). PTH also influences the tubular reabsorption
of bicarbonate, glucose, and amino acids. Bicarbonate,

glucose, and amino acid wasting may attend hyperpara-
thyroidism, resulting in a clinical picture similar to renal
tubular acidosis or Fanconi’s syndrome (43–45). During
hypoparathyroidism, there can be excessive bicarbonate
reabsorption, which may result in metabolic alkalosis (43,
45). PTH also stimulates activity of the renal enzyme 25-
hydroxyvitamin D-1-alpha-hydroxylase, promoting for-
mation of 1,25-dihydroxyvitamin D (calcitriol) (46) (47).
Calcitriol is the most potent vitamin D metabolite with
respect to the effect of intestinal transport of calcium (48).

Mechanisms of PTH action on bone are complex
(49). Following peripheral injection of PTH, osteoclast
proliferation and activity are induced leading to bone dis-
solution and calcium and phosphate release (50). These
effects occur more than 12 h after PTH administration and
do not acutely influence calcium levels. These effects are
thought to be mediated by a direct effect on osteoblasts,
which trigger release of cytokines and other factors that
influence bone-resorbing osteoclasts. One recently iden-
tified factor that mediates PTH-induced osteoblast stimu-
lation of osteoclast differentiation and action is RANKL,
or the osteoprotegerin ligand (50). A pool of rapidly ex-
changeable bone calcium is thought to mediate the acute
effects of PTH on endosteal bone cells. Activation of these
cells induces calcium release from bone within a few
hours (51).

In contrast to the well-known PTH stimulation of
bone resorption, recent data demonstrate an anabolic ef-
fect of PTH on bone when administered intermittently
(52, 53). These data further indicate that the osteoblast is
a primary target of PTH, and emphasized a potential role
for PTH as a therapy for osteoporosis.

VII. PATHOGENESIS OF
HYPERPARATHYROIDISM

Hyperparathyroidism occurs when PTH is released inde-
pendently of calcium levels or the so-called set point for
calcium-induced suppression of PTH secretion is elevated
(18, 54). Hyperparathyroidism is typically a disease of
adulthood, presenting between 40 and 60 years of age
(55). It is more common in women than in men, and the
incidence in the population is between 0.05 and 0.5%. Of
individuals with hyperparathyroidism, 85% have parathy-
roid adenomas (56). The remaining 15% have diffuse
parathyroid hyperplasia.

Over the past several years, there have been important
advances in our understanding of hyperparathyroidism.
Recent data suggest that parathyroid adenomas result from
the clonal expansion of individual parathyroid cell lines
(57). In some individuals a candidate oncogene (PRDAI:
Cylin D1) is abnormally rearranged within the PTH locus
(11q13) (58). This gene encodes a 295 amino acid cyclin
protein, which may be important in cell cycle regulation
(58). It has been postulated that the overexpression of
PRAD I plays a role in the development of parathyroid
adenomas (58). Abnormalities of the retinoblastoma gene



472 Rivkees and Carpenter

were also recently found in parathyroid adenomas (59).
In contrast to PPAD1, mutations in the tumor-suppressor
genes RAD51 and RAD54 have not been detected in para-
thyroid adenomas. Likewise, mutations in the CaSR gene
have not been identified in sporadic adenomas. On the
other hand, loss of heterozygosity in the MENI region on
chromosome 11q13 has been found in 30% of sporadic
parathyroid tumors (60).

In contrast to adenomas, the pathogenesis of parathy-
roid hyperplasia may involve different mechanisms. Dif-
fuse hyperplasia of the parathyroid glands may occur fol-
lowing longstanding stimulation of parathyroid activity in
response to hypocalcemia. Individuals with chronic hy-
perphosphatemia from renal failure or exogenous phos-
phate administration may develop secondary hyperpara-
thyroidism. Over time the calcium concentration needed
to suppress PTH secretion gradually increases, leading to
a new steady state in which the serum calcium is main-
tained at a higher level (18, 61). Ionized calcium concen-
trations of 1.1–1.4 mmol/l may be needed to achieve half-
maximal suppression of PTH secretion (normal = 0.99
mmol/l). Eventually, PTH secretion may not be suppress-
ible even by high circulating levels of calcium. Supporting
this hypothesis, individuals with tertiary hyperparathy-
roidism may show a spectrum of evolving parathyroid
dysfunction. For example, in one of our patients with mul-
tiglandular hyperplasia, the set points for PTH suppression
of three distinct glands were 1.1, 1.4, and 1.6 mmol/l,
respectively. In the fourth gland, PTH secretion was not
suppressible even by high calcium levels (61).

VIII. DIFFERENTIAL DIAGNOSIS

Hyperparathyroidism is rare in children. Thus, other
causes should be sought in the hypercalcemic child. The
differential diagnosis is extensive, and several specific
causes of hypercalcemia are listed here.

In the newborn period, William’s syndrome, must be
considered (62, 63). These individuals may have hyper-
calcemia but do not usually have hypophosphatemia. The
hypercalcemia usually resolves by the time the child is 1
year of age and is very rarely evident after the fourth year.
Affected children may be small for gestational age and
have a characteristic facial appearance and supravalvular
aortic stenosis. William’s syndrome is due to a deletion
of the elastin gene locus on chromosome 7 (64). Parathy-
roid hormone levels are usually suppressed in this disor-
der, although we have encountered two infants with Wil-
liam’s syndrome, proven by FISH analysis of the elastin
locus, who have elevated circulating levels of PTH.

It is also important to differentiate FHH from hyper-
parathyroidism. FHH is characterized by the combination
of hypercalcemia and relative hypocalciuria (65, 66). In-
dividuals with FHH do not require parathyroidectomy and
almost always have a benign course. FHH is caused by
an inactivating mutation of CaSR (21, 67). Thus, PTH

levels are usually in the upper range of normal, or are
modestly elevated. Serum calcium levels usually range be-
tween 10 and 12 mg/dl. Because the CaSR is expressed
in the kidney, renal calcium reabsorption is also increased.
The generous PTH levels augment renal calcium reab-
sorption, contributing to hypocalciuria. By examining re-
nal calcium excretion, it may be possible to differentiate
FHH from hyperparathyroidism, since more than 99% of
filtered calcium is reabsorbed in FHH, whereas renal cal-
cium reabsorption is generally less than that in hyper-
parathyroidism. However the differentiation between FHH
and hyperparathyroidism may not be straightforward. A
family history also aids in the diagnosis of FHH. A parent
is often found to have the biochemical features of FHH,
reflecting the characteristic autosomal dominant mode of
inheritance.

Vitamin D intoxication may induce hypercalcemia at
dosages more than 100 times the physiological require-
ment (68). Excessive vitamin D fortification of dairy milk
(up to 10,000 u/l; normal 400 u/l) has led to epidemic
hypercalcemia (68). Excessive vitamin D supplementation
of infant formulas has been described (69). During vita-
min D intoxication PTH levels are suppressed and serum
phosphate values are normal or modestly elevated.

We have also cared for low-birth-weight infants with
hypercalcemia due to unregulated intestinal calcium ab-
sorption when placed on breast milk fortifiers. The high
calcium load of the supplements plays a large role in this
condition. With advancing age intestinal calcium absorp-
tion declines, and the tendency for hypercalcemia falls.

Other causes of hypercalcemia include subcutaneous
fat necrosis, in which elevated circulating levels of 1,25
dihydoxyvitamin D have been described. Immobilization,
vitamin A intoxication, malignancy, granulomatous dis-
ease (including cat-scratch fever), and thiazide diuretic
therapy should be considered in the differential diagnosis
of hypercalcemia in a child.

IX. RECOGNITION AND DIAGNOSIS

Recognition of hyperparathyroidism in its early stages is
important because longstanding hypercalcemia may ad-
versely affect several organ systems. The combination of
hypercalcemia, hypophosphatemia, and phosphaturia sug-
gests hyperparathyroidism. However, in some individuals
calcium elevations may be episodic (70). In individuals
with hyperphosphatemia, or those receiving phosphate
therapy, hypercalcemia may also be masked (61).

The tubular reabsorption of phosphate (TRP; [1-Up
� SCr/UCr � SP] 100%) is normally greater than 85%.
During parathyroid hormone excess, the TRP may fall to
as low as 50%. However, in up to 40% of individuals
with hyperparathyroidism, hypophosphatemia may not be
present and the TRP is normal (56).

The urinary excretion of calcium is a function of the
filtered calcium (which is proportional to the serum
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calcium level) and the reabsorbed calcium (enhanced by
PTH at the distal tubule). Thus, the fractional excretion
of calcium is reduced when hyperparathyroidism is pres-
ent. To assess renal calcium handling, so-called spot urine
samples that calcium/creatinine concentration ratios are
convenient, eliminating the need for 24 h urine collec-
tions, which are often difficult to obtain in young children.

In normal children over 4 years of age, urinary cal-
cium excretion is approximately 2 mg/kg/day, and hyper-
calciuria is defined as excretion of levels >4 mg/kg/day
(38, 40). Over the 24 h day, 10–20 mg/kg creatinine is
excreted in the urine. Thus, in children over 4 years of
age, the urinary calcium–creatinine ratio is normally less
than 0.1 (mg/mg), with a ratio >0.2 defined as hypercal-
ciuria. Urinary calcium excretion is relatively high in in-
fancy. Thus, urinary calcium/creatinine ratios are higher
than in older children and range between 0.2 and 0.7
(71, 72).

If suspected, hyperparathyroidism should be con-
firmed by measurement of circulating PTH levels. If PTH
levels are normal when measured using two-site intact
PTH assays, measurement of PTH levels by midmolecule
should also be performed when the diagnosis remains a
possibility.

X. PRIMARY HYPERPARATHYROIDISM

Fewer than 100 cases of isolated primary hyperparathy-
roidism have been reported in children (73–78). Both
parathyroid adenomas and multiglandular hyperplasia
have been described. It is postulated that primary hyper-
parathyroidism in children represents early presentation of
the sporadic form of hyperparathyroidism that typically
affects adults. No clear pattern of inheritance is generally
found; although several kindreds have been reported in
whom primary hyperparathyroidism affects several gen-
erations (79).

Hypercalcemia is usually not an indication for a
parathyroidectomy in FHH, when one mutant copy of the
CaSR is present. However, severe neonatal hyperparathy-
roidism occurs within FHH kindreds in individuals ho-
mozygous for mutations of the CaSR (22, 80, 81). In af-
fected individuals, severe hyperparathyroidism presents
within the first few days of life, with serum calcium levels
as high as 15–30 mg/dl. The serum phosphate level is
usually low, and the serum PTH level is elevated.
Nephrocalcinosis may be present, reflecting intrauterine
hypercalcemia. This is a life-threatening condition that re-
quires emergency extirpation of the parathyroid glands.

Hyperparathyroidism may also be a feature of the in-
herited multiple endocrine neoplasia syndromes, MEN I
and MEN II, which are autosomal dominant disorders (82,
83). Hyperparathyroidism is the most common presenting
feature of MEN I (97% of cases), which is also associated
with tumors of the pancreas (40%) and pituitary (20%).
Hyperparathyroidism may occur in 20% of cases of MEN

IIa (84, 85), which is associated with medullary carcinoma
of the thyroid and pheochromocytoma. Hyperparathyroid-
ism typically presents during adulthood, although cases
have been reported in children. MEN IIb (MEN III) is not
associated with primary hyperparathyroidism, although
both MEN IIa and MEN IIb are caused by mutations in
different domains of the rearranged during transfection
(RET) proto-oncogene (86, 87).

Radiation exposure may be associated with the de-
velopment of hyperparathyroidism. An increased inci-
dence of hyperparathyroidism has been reported in adult
survivors of the Hiroshima atomic blast (88). It has been
suggested that the incidence of hyperparathyroidism is
greater three decades after head and neck radiotherapy
(89, 90). Hyperparathyroidism has also been reported in
a few patients treated with radioiodine for Graves’ disease
(91, 92), however, with no greater frequency than that
observed in the normal population (93). Primary hyper-
parathyroidism has been described in one infant with con-
genital hypothyroidism (76).

Carcinoma of the parathyroid glands can present with
biochemical features similar to those of primary hyper-
parathyroidism. Although there are very few reports of
parathyroid carcinoma in children (94), parathyroid car-
cinoma has been reported in adolescents with familial hy-
perparathyroidism (95, 96).

XI. SECONDARY AND TERTIARY
HYPERPARATHYROIDISM

Secondary and tertiary hyperparathyroidism are often seen
in hypocalcemic and/or hyperphosphatemic states, such as
vitamin D deficiency. An appropriate response to hypo-
calcemia (secondary hyperparathyroidism) may evolve
into autonomous PTH secretion (tertiary hyperparathy-
roidism) following prolonged hypocalcemic stimulation of
parathyroid gland activity.

In the newborn period secondary hyperparathyroid-
ism may be seen in children born to hypocalcemic moth-
ers. This typically resolves within several months of birth
(97, 98). We have cared for infants with transient hyper-
parathyroidism whose mothers did not have hypocal-
cemia; hypercalcemia resolved by 3 months of age.

Secondary hyperparathyroidism is a classic feature of
moderate to severe vitamin D-deficient rickets. Diffuse
parathyroid hyperplasia has been described in these pa-
tients (99) and progression to tertiary hyperparathyroidism
may occur in the setting of chronic disease. Efforts should
be taken place to prevent this progression since severe
parathyroid hyperplasia may not be reversible and surgical
extirpation of the parathyroid glands required (61).

Chronic elevation of serum phosphate levels may be
the most common cause of secondary hyperparathyroid-
ism in children. The inability of the kidneys to excrete
phosphate accounts for this phenomena (100, 101). This
scenario is especially troublesome for a skeletal system
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already at risk for metabolic bone disease. Thus, parathy-
roid function should be routinely monitored during
chronic renal failure, and parathyroidectomy is needed in
the setting of irreversible hyperparathyroidism (101–103).

The regulation of parathyroid hormone secretion in
X-linked hypophosphatemic rickets (XLH) is complex.
Although earlier descriptions of the disorder suggest that
circulating levels of PTH are normal prior to the initiation
of therapy (104), we have found that many patients with
XLH have elevated PTH levels prior to treatment. The
recent demonstration that PHEX (the mutated gene in
XLH) is expressed in parathyroid glands (105) raises the
possibility that disordered regulation of PTH secretion
may be part of the XLH phenotype. Phosphate therapy
exacerbates the propensity of the parathyroid glands to
secrete PTH in patients with XLH, even in the absence
of hyperphosphatemia or hypocalcemia. Furthermore, this
secondary hyperparathyroidism is a very frequent feature
of phosphate-treated patients and may evolve into tertiary
hyperparathyroidism. Hyperparathyroidism in XLH is
seen more commonly when dosages of phosphate exceed
4 g/day elemental phosphorus (there are about 0.25 g of
elemental phosphorus per g of phosphate). Secondary hy-
perparathyroidism also occurs when lower dosages of
phosphorous are used without sufficient calcitriol (61,
106). Thus, phosphate should not be used as solitary treat-
ment of XLH.

Routine measurement of PTH levels in individuals
with XLH is an important aspect of disease management,
and is critical for making appropriate dosage adjustments
in a timely manner. Adjunctive therapy with 24,25 dihy-
droxyvitamin D also mitigates secondary hyperparathy-
roidism in XLH and improves skeletal mineralization
(27). Thus, improvement in parathyroid status may im-
prove the long-term skeletal outcome of the disease.

XII. COMPLICATIONS OF
HYPERPARATHYROIDISM AND
HYPERCALCEMIA

The adverse effects of hyperparathyroidism are related to
excessive bone resorption and hypercalcemia. Excessive
PTH activity leads to loss of skeletal mineral content, mi-
croarchitectural defects, and osteopenia (107). In adults
with hyperparathyroidism, demineralization may be rec-
ognized on standard radiographs (56). Dual-energy x-ray
absorptiometry is a much more sensitive means of de-
tecting these changes (108).

Hyperparathyroidism affects the kidneys in several
ways. Hypercalcemia can directly reduce the glomerular
filtration rate. Longstanding hypercalcemia may lead to
deposition of calcium in the tubules, especially during hy-
perphosphatemia, resulting in nephrocalcinosis (109, 110).
Nephrocalcinosis can be detected by ultrasound, which
should be performed in individuals with hyperparathy-
roidism (111). Nephrolithiasis is well described in adults

with hyperparathyroidism (56), yet is unusual in children
with hyperparathyroidism. Calcium levels in excess of 15
mg/dl also may result in polyuria secondary to nephro-
genic diabetes insipidus.

Hypercalcemia also affects other systems. Hypercal-
cemia may induce increased cardiovascular tone and hy-
pertension (112). High calcium levels may lead to heart
block and shortening of the ST segment (112). The central
nervous system is also sensitive to the effects of calcium
at high levels (113). Impaired mentation and convulsions
may occur at levels above 15 mg/dl (113). Muscle weak-
ness and hyporeflexia may occur (114). Gastric ulcers and
constipation may reflect hypercalcemia (115). Anorexia
may attend hypercalcemia.

Patients are at increased risk for pancreatitis (116,
117). We have recently cared for a child who presented
with recurrent pancreatitis associated with hypercalcemia
(11–12 mg/dl) secondary to a parathyroid adenoma.

XIII. TREATMENT OF
HYPERPARATHYROIDISM AND
HYPERCALCEMIA

Acute therapy of hypercalcemia is indicated for sympto-
matic individuals or when the total calcium exceeds 13
mg/dl (56, 118, 119). Treatment with intravenous saline
(3000 ml/m2/day; 200–400 ml/kg/day) and furosemide (1
mg/kg every 4–6 h) lowers calcium levels within hours
(120). After correction of acute hypercalcemia, a high-
sodium diet promotes continued renal calcium excretion.
Oral furosemide therapy (1–2 mg/kg/day divided in two
or three divided doses) may be of benefit.

Adjunctive therapy with prednisone is usually not ef-
fective management of hypercalcemia due to hyperpara-
thyroidism (44). Calcitonin may initially lower serum cal-
cium levels, but patients often become refractory to the
medication after several dosages. Bisphosphonates, which
inhibit bone resorption, can be used to manage severe hy-
percalcemia over the short term, but are not recommended
as a definitive treatment. Oral or intravenous phosphate
therapy can lower circulating calcium levels (56), but
leads to precipitation of calcium and phosphate salts in
the vascular system and kidneys and is no longer rec-
ommended.

Calciomimetic agents that act to inhibit PTH secre-
tion by activating CaSR hold promise as a therapy for
parathyroid hyperplasia (121). They are not yet available
for widespread clinical use to treat hypercalcemia of any
cause. Selective ablation of parathyroid glands by embo-
lization has been shown to be effective only for some
ectopic parathyroid glands (122).

Surgery is the definitive cure for hyperparathyroid-
ism. If isolated adenomas are detected, these should be
removed. In the setting of multigland parathyroid hyper-
plasia, our usual approach is to remove three and one-half
or four glands. In adults, treatment of the asymptomatic
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patient with hyperparathyroidism has been the subject of
debate (123, 124). Surgery is recommended for asymp-
tomatic individuals with evidence of demineralization,
nephrolithiasis, or nephrocalcinosis (118, 119, 123, 124).
However, observation may be recommended for individ-
uals without evidence of complications, as long as renal
function, bone density, and gastrointestinal status is as-
sessed regularly (118, 119, 123, 125, 126).

Prolonged observation is generally not recommended
for children with hyperparathyroidism. Given the longev-
ity of the course in children, progressive skeletal mineral
loss, and potential consequences of exposure of the kid-
neys to long-term hypercalcemia, we choose prompt sur-
gery for patients in this age group.

Preoperative localization of hyperactive parathyroid
tissue is a challenging undertaking (118, 119). High-res-
olution ultrasonography, computed axial tomography,
magnetic resonance imaging, and radionuclide scanning
have been used to localize parathyroid tissue (127–130).
Increasingly we are impressed with the ability of high-
resolution Doppler ultrasound to localize parathyroid ad-
enomas. Arteriography and selective venous sampling
have been used to localize abnormal parathyroid tissue
(131), but successes with this technique are highly vari-
able.

Rapid PTH assays in the intraoperative setting are a
new and important means for localizing hyperfunctioning
parathyroid tissue (132, 133). The surgeon is able to mon-
itor acutely the effects of gland removal and can be re-
assured regarding the removal of the abnormal tissue. Af-
ter removal of the pathological parathyroid gland(s), PTH
levels will promptly fall. If PTH levels do not fall after a
gland is removed, additional parathyroid tissue must be
identified and resected.

XIV. MANAGEMENT AFTER
PARATHYROIDECTOMY

After successful resection of hyperactive parathyroid tis-
sue, serum calcium levels may rapidly fall. Intraopera-
tively, a Chevostek’s sign may be elicited by tapping over
the facial nerve in the temporal–mandibular region in hy-
pocalcemic patients. Laryngospasm may occur.

Management of postoperative hypocalcemia may re-
quire intravenous infusions of calcium if symptoms are
present or hypocalcemia is severe. Our usual goal is to
maintain serum calcium in the lower range of normal us-
ing 30–50 mg/kg/day elemental calcium. When a subtotal
parathyroidectomy is performed, the remaining parathy-
roid tissue that was previously suppressed by hypercal-
cemia will become functional within 30 h after surgery
(134). Thus, calcium levels usually stabilize within 48 h
after surgery. If hypocalcemia persists beyond the second
postoperative day, oral calcitriol therapy should be started
(0.025–0.5 �g twice per day). This potent vitamin D me-
tabolite has a rapid onset of action and increases intestinal

calcium absorption. The dosage may be advanced until
serum calcium levels stabilize. When serum calcium lev-
els are stable and intravenous therapy is no longer needed,
the calcitriol dosage can be gradually reduced.

Adequate dietary calcium must also be provided for
calcitriol to increase calcium levels. Thus, oral calcium
supplementation is useful in this setting, since few chil-
dren and adolescents have adequate dietary calcium in-
take. We provide up to 1g elemental calcium per day,
divided in three doses. Care should also be taken to avoid
hypercalcemia during vitamin D therapy, because single
episodes of hypercalcemia can induce permanent renal
damage in children.

If the serum magnesium concentration is low (<1.5
mg/dl), the function of any residual parathyroid tissue
may be compromised. In this event, supplemental mag-
nesium should be given.

Hyperphosphatemia may also occur after parathyroid-
ectomy. This is usually transient and spontaneously cor-
rects with normalization of the serum calcium. If hypo-
calcemia and hyperphosphatemia persist, lowering serum
phosphate levels will allow the serum calcium to rise. This
can be accomplished by administering oral calcium or alu-
minum-based antacids.

If intravenous calcium infusions are needed, they can
usually be discontinued shortly after surgery (134). How-
ever, individuals with significant skeletal demineralization
are at risk for so-called hungry bone syndrome and may
require prolonged intravenous infusion of calcium (135).
The growing child with hyperparathyroidism and meta-
bolic bone disease is at increased risk for development of
hungry bone syndrome.

We have cared for two adolescent girls with XLH
who required intravenous calcium infusion for 3 months
after total parathyroidectomy to prevent symptomatic hy-
pocalcemia (61). Preoperatively, gross demineralization
was noted in radiographs of the hands. To facilitate dis-
charge from the hospital, indwelling central venous cath-
eters were placed, allowing infusions at home. After 45
days, it was possible to administer calcium during the
night, allowing schooling during the day. Following the
appearance of urinary calcium (calcium/creatinine ratio
>0.02), it was possible to stop intravenous therapy within
a few weeks.

XV. SUMMARY

Childhood primary hyperparathyroidism is a rare disorder
that may present in an extremely severe form in neonates,
sporadically in children, or as part of MEN syndromes.
Secondary and tertiary hyperparathyroidism may occur in
children with chronic hypocalcemia such as in vitamin D
deficiency, or in renal disease, accompanied by hyper-
phosphatemia. Another condition that results in secondary
hyperparathyroidism is X-linked hypophosphatemic rick-
ets. The constellation of hypercalcemia, hypophospha-
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temia, and renal phosphate wasting suggests PTH excess.
By measuring PTH levels, hyperparathyroidism can be di-
agnosed, but requires careful differentiation from FHH.
Long-term hyperparathyroidism is likely to lead to skel-
etal demineralization and renal damage. Thus, surgery is
usually indicated for pediatric patients with hyperparathy-
roidism rather than observation. Children with deminer-
alization and bone disease may be at risk for hungry bone
syndrome postoperatively. The child with significant
chronic hypocalcemia following parathyroidectomy is
best managed with calcitriol and provision of adequate
oral calcium.
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I. INTRODUCTION

The maintenance of calcium (Ca) and phosphorus (P) ho-
meostasis requires a complex interaction of hormonal and
nonhormonal factors; adequate functioning of various
body systems, in particular, the renal, gastrointestinal, and
skeletal systems; and adequate dietary intake. From a clin-
ical perspective, this is reflected in the maintenance of
circulating concentrations of Ca and P in the normal range
and integrity of the skeleton. In the circulation, the
amount of Ca and P constitutes less than 1% of the total
body content; however, disturbances in serum concentra-
tions of Ca and P are associated with disturbances of
physiological function manifested by numerous clinical
symptoms and signs. The skeleton, in contrast, is the ma-
jor reservoir for Ca (the most abundant mineral in the
body) and for P, which together with Ca forms the major
inorganic constituent of bone. At all ages, 99% of total
body Ca is in the skeleton as is about 89% of the total
body P. Thus, the skeleton has the dual function of pro-
viding both structural and mechanical support and being
a reservoir for mineral homeostasis. Disturbances in Ca
and P homeostasis result in osteopenia and rickets in in-
fants and children, and osteomalacia and osteoporosis in
adults.

Mechanisms to maintain Ca and P homeostasis in the
neonate are the same as for children and adults. However,
the newborn infant has a number of unique challenges to
maintain Ca and P homeostasis during adaptation to ex-
trauterine life and to continue the rapid rate of growth.
These include an abrupt discontinuation of high rate of
intrauterine accretion of Ca (>120 mg/kg/day) and P (>70
mg/kg/day) during the third trimester, a smaller skeletal
reservoir available for mineral homeostasis, high require-
ment for Ca and P for the most rapid period of postnatal
growth with an average gain in length of >25 cm during
the first year, and delay in establishment of adequate nu-
trient intake for at least a few days after birth. There also

may be diminished end-organ responsiveness to hormonal
regulation of Ca and P homeostasis at least during the first
days after birth, although the functional capacity of the
gut and kidney for Ca and P absorption and retention im-
proves rapidly within days after birth. These issues are
exaggerated in infants with heritable disorders of mineral
metabolism such as extracellular calcium-sensing receptor
mutations, and in infants experiencing adverse prenatal
event such as maternal diabetes, intrapartum problems
such as perinatal asphyxia, or postpartum complications
such as multiple immature organ function with premature
birth. In any case, it is important to review the physiology
and molecular basis of mineral metabolism to allow a bet-
ter understanding of the pathophysiology of clinical dis-
order. This in turn allows a more rational approach in the
management of the neonate to minimize iatrogenic causes
and the adverse impact of disorders of mineral homeosta-
sis.

II. MAINTENANCE OF CALCIUM AND
PHOSPHORUS HOMEOSTASIS

A. Circulating Calcium Concentrations

Serum Ca is found in three forms: approximately 40% is
bound predominantly to albumin, approximately 10% is
chelated and complexed to small molecules, and approx-
imately 50% is ionized; complexed and ionized Ca are
ultrafiltrable. Fetal circulating calcium concentrations as
reflected in cord sera are higher than maternal concentra-
tions and are indicative of active placental transfer. Cord
serum total calcium concentrations (tCa) increase with in-
creasing gestational age. Serum tCa may be as high as 3
mmol/l (conversion 1 mmol/l = 4 mg/dl) in cord blood
from infants born at term, and they are significantly higher
than paired material values at delivery (1–4). Serum tCa
reaches a nadir during the first 2 days after birth (5–8);
thereafter, it increases and stabilizes generally above 2.0



482 Koo

mmol/l (8 mg/dl). In infants exclusively fed human milk,
the mean serum tCa increases from 2.3 to 2.7 mmol/l (9.2
to 10.8 mg/dl) over the first 6 months postnatally (9).
Serum tCa in infants and children generally remains
slightly higher than adult values (9–11). Normally, serum
tCa in children and adults remains stable, with a diurnal
range of <0.13 mmol/l (0.5 mg/dl) (12). During the third
trimester of pregnancy a modest reduction in maternal se-
rum tCa concentration (average 0.1 mmol/l, 0.4 mg/dl)
occurs concomitant with a decrease in serum albumin con-
centration (13).

Serum ionized calcium concentration (iCa) is the best
indicator of physiological blood Ca activity (14). Mea-
surement of serum iCa is firmly established in clinical
medicine, and the availability of highly reliable iCa ana-
lyzers allows simple, rapid, and direct determination of
iCa in whole blood, plasma, and serum by ion-selective
electrodes. Some differences exist in the reported values
for circulating iCa as a result of differences in the design
of the reference electrode, formulation of calibrating so-
lutions, and the lack of a reference system for iCa (15,16).
Serum iCa also decreases in the presence of high serum
albumin (17), magnesium (Mg) (18), phosphorus (P) (19),
and bicarbonate levels (20). Clinical situations may affect
iCa measurement. For example, the use of heparin may
decrease iCa, and iCa is inversely related to blood pH
(21). The effect of the latter may be minimized by the
immediate analysis of the serum samples for iCa. Freezing
serum samples in 5% CO2-containing tubes may minimize
the impact of pH variations if measurement of iCa is de-
layed for 1 week.

Normal serum iCa range from 1.0 to 1.5 mmol/l (con-
version, 1 mmol/l = 4 mg/dl) in the neonate and from
1.18 to 1.32 mmol/l in adults (1,22,23). Cord serum iCa
levels increase with gestational age and, similarly se-
rum tCa are higher than paired maternal values (1,2,4,13).
In term infants, serum iCa levels average 1.25 mmol/l
with 95% confidence limits of 1.1–1.4 mmol/l (4.4–5.6
mg/dl) and there is a decline in serum iCa in the first 48
h of life with a nadir at 24 h (24). Serum tCa and iCa
levels are correlated in infants (7,24) and adults (23) but
is inadequate to predict one from the other with sufficient
accuracy. Serum iCa levels remain generally slightly
higher in infants and children than in adults (11). In
adults, a circadian rhythm for serum iCa has been re-
ported, with a peak occurring at 10:00 a.m.; the maximal
change between peak and trough values is small, aver-
aging 0.08 mmol/l (0.32 mg/dl) (12). Serum iCa levels
are stable and normal during pregnancy (2,4,13).

The concentration of iCa is critical to many important
biological functions, and there is a finely tuned regulation
of extracellular iCa and maintenance of an extremely large
iCa concentration gradient across the plasma membrane.
In the cell, distribution of Ca is not uniform. The cytosolic
compartment contains 50–150 nmol Ca/liter water; a
larger intramitochondrial Ca pool contains 500–10,000

nmol Ca/liter cell water. In contrast, extracellular fluid iCa
levels are 1 million nM (1 mmol/l). At least two adenosine
triphosphate (ATP)-dependent mechanisms are involved in
the maintenance of the Ca concentration gradient across the
plasma membrane. The Ca messenger system is a nearly
universal means by which extracellular messengers regulate
cell function (25). Cellular enzyme cascades are activated
with a transient increase in intracellular iCa (26,27). The
measurement of intracellular Ca is not freely available.

Ca concentration in the extracellular fluid is main-
tained relatively constant by the effects of interdependent
hormonal mechanisms consisting of parathyroid hormone
(PTH), 1,25-dihydroxyvitamin D [1,25(OH)2D], and cal-
citonin (CT) that regulate the influx and efflux of Ca
among extracellular fluid, bone, kidney, and gut. Other
systemic and local factors also are important in influenc-
ing Ca flux, particularly under pathological conditions
such as humoral hypercalcemia of malignancy (HHM),
and their role in Ca homeostasis under physiological con-
ditions is being studied.

The daily flux of Ca between bone fluid and extra-
cellular fluid across the bone lining cells has been estimated
to be as much as 12 mmol (500 mg). It is strongly related
to systemic and local factors controlling bone formation
and resorption (28–30). In growing infants, there is an ex-
tensive exchange of bone Ca with extracellular fluid (31).

The kidney is a major regulator of extracellular fluid
Ca concentration, primarily by modulation of Ca excre-
tion. Normally, 98% of the daily renal ultrafiltrate of Ca
of about 125 mmol (5000 mg) is reabsorbed. Altered renal
regulation of Ca excretion is primarily responsible for the
development of some hypercalcemic states, including fa-
milial hypocalciuric hypercalcemia; it may also occur dur-
ing chronic thiazide diuretic therapy. The renal capacity
for acute regulation of extracellular fluid Ca concentra-
tion, however, may be overwhelmed when net Ca input
into the extracellular fluid from the gut or bone exceeds
the kidney’s capacity for Ca excretion (32,33). The latter
situation is exemplified best by hypercalcemia of malig-
nancy. Conversely, in hypocalcemic states, the kidney
cannot reduce Ca excretion sufficiently to prevent the oc-
currence of hypocalcemia.

The gut is important in chronic control of extracel-
lular fluid Ca, primarily through regulation of dietary Ca
absorption and the presence of hormonal stimulatory fac-
tors, including 1,25(OH)2D (34,35). Gut hyperabsorption
of Ca may be associated with hypercalciuria and nephro-
calcinosis, but there is no major effect on the development
of hypercalcemia (36,37). In the growing skeleton, appro-
priate dietary Ca intake is of great importance in Ca ho-
meostasis and skeletal mineralization (38).

B. Circulating Phosphorus Concentrations

The total P in serum can be classified into an acid-insol-
uble fraction, comprising mainly phospholipids, and an
acid-soluble fraction, comprising a small amount of or-
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ganic ester phosphate and all of inorganic phosphate. Nor-
mally, more than 90% of the inorganic phosphate is dif-
fusible.

There is also active placental transfer of P. Cord se-
rum P concentrations at term ranges from 1.8 to 2.3 mmol/
l (conversion, 1 mmol/l = 3.1 mg/dl). There are large var-
iations in postnatal serum P concentrations. In most
newborn infants there is a rise in serum P over the first
48 h after birth (2,4–6), probably unrelated to intestinal
absorption of P because dietary P intake is limited at this
age. Renal excretion of P is low and contributes to the
maintenance of high serum P. Serum P concentrations are
high during infancy (1.25–2.60 mmol/l, 3.9–8.0 mg/dl)
compared with those in adults (0.9–1.5 mmol/l, 2.8–4.6
mg/dl) (39), and there is a rough correlation between the
rate of skeletal growth and serum P concentration. In
adults, serum P has a biphasic diurnal rhythm, with peaks
in the afternoon and at 3:00 am; maximal change between
peak and trough values is <0.4 mmol/l (1.2 mg/dl) (12).
Serum P concentrations also fall by about 0.1 mmol/l (0.3
mg/dl) after a meal (40). During pregnancy, maternal se-
rum P concentration remains stable (13).

In the cell, phosphate is the principal intracellular an-
ion and is mostly in the form of organic phosphate. The
intracellular inorganic phosphate is normally in equilib-
rium with both extracellular phosphate and intracellular
glyceraldehyde-3-phosphate, an intermediate compound
in the regeneration of ATP. The cellular phosphorus/nitro-
gen ratio is relatively constant. For example, it is 0.07 (by
weight) in muscle, and gains or losses of nitrogen by the
body are usually accompanied by corresponding gains or
losses of extraosseous P (41). The relationship between
potassium, the major intracellular cation, and P is more
variable.

Maintenance of P concentration in the extracellular
fluid requires the effects of interdependent hormonal
mechanisms that regulate the influx and efflux of P among
extracellular fluid, kidney, gut, and bone. In the growing
infant, serum P often varies with the status of calcium
homeostasis, in particular, from PTH activity; and to the
amount of dietary P intake. The net effect of increased
PTH activity is to decrease serum P since its phosphaturic
effect is greater than its ability to increase the mobilization
of bone P, and to increase gut absorption of P.

Renal function in the neonate is well known to affect
serum P concentrations. Renal excretion of P is low in the
immediate newborn period and probably contributes to the
high serum P. Renal capacity for P excretion can be over-
whelm by dietary P ingestion even in otherwise healthy
neonates; for example, hyperphosphatemia in those fed
cow-milk-based formulas (42). In contrast, hypophospha-
temia can occur despite almost total reabsorption of P
from the renal ultrafiltrate in infants, especially preterm
infants receiving low P intake from human milk (43,44)
or parenteral nutrition (45,46). In the growing infant, the
gut absorbs dietary P with great efficiency and skeletal

turnover involves the release and deposit of P just as it
does for Ca. There is a net influx of P from extracellular
fluid to bone for mineralization and skeletal growth. Thus
dietary P intake has a major role in P homeostasis and
maintenance of appropriate skeletal mineralization (47).

III. HORMONAL CONTROL OF CALCIUM
AND P HOMEOSTASIS VIA PTH, CT,
AND 1,25(OH)2D

PTH and 1,25(OH)2D, and possibly CT, appear to main-
tain Ca and P homeostasis by intermodulation of their
physiological effects on each other and on the classic tar-
get organs: kidney, intestine, and bone. PTH serves as the
major component of rapid response to hypocalcemia,
whereas 1,25(OH)2D, with its major effect on elevating
intestinal absorption of Ca, is responsible for a slower but
more sustained contribution to the maintenance of nor-
mocalcemia. CT, on the other hand, appears to function
in the opposite role to PTH but with the capacity to stim-
ulate the production of 1,25(OH)2D, which in theory may
serve an additional regulatory role in the maintenance of
Ca homeostasis. The direct action of PTH and CT results
in a net decrease in serum P, whereas 1,25(OH)2D in-
creases serum P. Maintenance of serum Ca and P in turn
are critical to the growing skeleton.

A. Parathyroid Hormone

Parathyroid hormone is synthesized in the chief cells of
parathyroid gland. It is stored and secreted mainly as an
84-amino-acid polypeptide. In humans, the PTH gene,
along with the genes for insulin, �-globulin, and CT, is
located on chromosome 11p15, and restriction site poly-
morphisms near the PTH gene have been detected (48,49).
The initial translational product of the mRNA is a 115-
amino-acid prepro-PTH. Prepro-PTH then undergoes pro-
teolytic cleavage in endoplasmic reticulum to remove the
amino-terminal signal sequence to form pro-PTH. The
prohormone-specific region is cleaved further during sub-
sequent intracellular processing to generate the 84-amino-
acid secreted form of the intact hormone. The PTH is
stored in secretory granules and colocated and secreted
with chromogranin A, a protein that may act in autocrine-
or paracrine-regulated release of PTH.

About 50% of the newly generated PTH is also pro-
teolytically degraded intracellularly and some of the in-
active fragments also secreted (50). After release into the
circulation, the intact PTH molecule has a serum half-life
of 5–8 min and undergoes a series of cleavages by en-
dopeptidases in the liver and kidney. The amino-terminal
fragments contain the biologically active fractions, with
the 1-34 fragment having the most calcemic activity; mod-
ifications at the amino terminal, particularly at the first
two residuals, can abolish its biological activity. The mid-
region and carboxyl-terminal fragments are biologically
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inert, although the latter may have some in vitro biological
activity.

Circulating immunoreactive PTH is a complex mix-
ture of intact 1-84 PTH, N-terminal fragments and several
inactive C-terminal peptides. The fragments are cleared
principally by glomerular filtration and are present in
greater concentration than the whole molecule because of
their slower clearance rates. PTH molecules reactive in
the widely used commercial immunoradiometric assays
(IRMA) designed to detect both amino- and carboxy-ter-
minal epitopes of the peptide have been considered as so-
called intact IPTH assays. However, there have been re-
ports that large 7–84 fragment of PTH is also detected
by these assays. This large fragment is biologically inac-
tive and present in greater concentrations in uremic state
or hyperparathyroidism. It increases the PTH concentra-
tion by 30–50% using the conventional IPTH technique
compared to the latest chemiluminescence or IRMA tech-
niques that measures the so-called whole or bio-intact
PTH (51,52). Therefore, the treatment of secondary hy-
perparathyroidism based on the data from conventional
IPTH assays theoretically may lead to oversuppression of
biologically active PTH, although the clinical significance
of this possibility remains to be defined. In any case, con-
sistency of the PTH assay methodology and serial mea-
surements are critical to the interpretation and manage-
ment of pathological states.

PTH concentrations in cord blood frequently are low
and do not correlate with PTH concentrations in maternal
sera (2,4,53). Earlier studies of higher levels of bioactive
PTH in cord sera from cytochemical assay (54) may be
related to elevated concentrations of parathyroid hormone-
related protein (PTHrP) (3,4), since PTH-like bioactivity
was tightly correlated with levels of PTHrP in the pig (55)
and sheep (56). Small amounts (about 5%) of perfused
fragments (34–84, 44–68, and 65–84 amino acids), but
probably not the whole PTH molecule, have been reported
to cross the human placenta (57). Serum IPTH concentra-
tions increase postnatally coincident with the fall in serum
Ca in both term and preterm infants (2,53,58–60). The
rise in serum IPTH is greater for preterm infants with
hypocalcemia than in term infants (2), reflecting appro-
priate PTH response. Serum PTH concentrations are sim-
ilar for children and adults but increased in the elderly
(61,62). Serum IPTH showed no change during normal
pregnancy (2,4,63). In adults, serum IPTH is present in
picomolar concentrations. It has a significant circadian pe-
riodicity (64–66), spontaneous episodic pulsatility with
distinct peak property (64), and a significant temporal
coupling with serum iCa and P (64,66,67) and prolactin
secretion (65).

In physiological terms, PTH is the most important
regulator of extracellular Ca concentration. PTH acts di-
rectly on bone and kidney, and indirectly on intestine.
Immediate control of blood Ca is probably due to PTH
influence on the mobilization of Ca from bone, probably

synergistically with 1,25(OH)2D; and to increase renal
distal tubular reabsorption of Ca. PTH increases acutely
within minutes the rate of Ca release from bone into
blood. Chronic effects of PTH are to increase the numbers
of osteoblasts and osteoclasts and to increase the remod-
eling of bone. Continuous exposure to elevated levels of
PTH leads to increased osteoclastic resorption of bone.
Other PTH effects on bone include enhanced collagen
synthesis, activities of alkaline phosphatase, ornithine and
citrate decarboxylases, and glucose-6-phosphate dehydro-
genase; DNA, protein, and phospholipid synthesis; and
calcium and phosphate transport. Renal actions of PTH
include the stimulation of sodium/calcium exchange and
calcium transport channel, decrease reabsorption of so-
dium, phosphate (decrease in sodium dependent phos-
phate cotransporter, NPT-2) and bicarbonate, and stimu-
lation of renal 25 OHD-1�-hydroxylase (32,33,67–70).
However, in severe phosphate deficiency or hypophos-
phatemia, there may be paradoxical resistance to PTH
action at the renal tubule and clinically manifested as con-
tinued calciuria and without phosphaturia (43). Mainte-
nance of steady-state calcium balance is probably from
increased intestinal Ca absorption secondary to increased
1,25(OH)2D production. There also may be a direct PTH
effect on intestinal Ca absorption (71). In contrast to its
classic action on Ca mobilization from bone, the amino
terminal fragments of PTH and PTHrP, and small pulses
of PTH, have an anabolic effect on bone independent of
its resorptive action (72–74). Other tissues such as skin
fibroblasts, cardiac cells, and vascular smooth muscle also
have PTH-sensitive adenylate cyclase, but the physiolog-
ical importance of PTH in these nonclassic target tissues
is not well defined.

PTH’s effects on end-organ systems appear to be me-
diated through its binding to specific receptors. The type
1 PTH receptor has been identified in bone and kidney. It
binds equally to PTH and PTHrP, and belongs to a su-
perfamily of guanine-nucleotide-binding (G) protein-cou-
pled cell membrane receptors (GPCR) including those for
CT, growth hormone-releasing hormone, corticotrophin-
releasing hormone, glucagon, secretin, vasoactive intesti-
nal polypeptide, and others (75). Another PTH receptor
(type 2) responds only to PTH, although its main endog-
enous ligand appears to be a 39 amino acid peptide, hy-
pothalamic tubular infundibular peptide (TIP-39) (76). It
has been found in the brain, pancreas, and intestines but
the physiological significance of this receptor remains ill
defined. The gene for the PTH/PTHrP receptor is located
on chromosome 3p21.1-P24.2. It contains 17 exons and
encodes a mature glycoprotein of 593 amino acids (77).
The type 1 PTH receptor consists of extended extracel-
lular, ligand-binding amino-terminal, and intracellular G
protein-associated carboxyl-terminal domains and seven
transmembrane domains. Signal transduction mediated by
G proteins results in multiple second messenger pathways
to effect both stimulatory and inhibitory end-organ re-
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sponses. The strongest and best-characterized second mes-
senger signaling pathway is the PTH-stimulated coupling
of the type 1 PTH receptor to Gs class protein (composed
of three subunits; �, � and �, and is encoded by GNAS1
gene localized to 20q13.3), which activates adenyl cy-
clase, an enzyme that generates cyclic AMP. Coupling of
type 1 PTH receptor to the Gq class protein activates
phospholipase C that generates inositol phosphate (IP3)
and diacylglycerol (DAG). These second messengers in
turn lead to stimulation of protein kinases A and C and
Ca transport channels and result in a variety of hormone-
specific tissue responses.

PTH gene show separate sites for interaction and reg-
ulation by Ca and vitamin D. Extracellular Ca is the most
potent regulator of PTH secretion and is mediated by the
cell-surface Ca-sensing receptor (CaR), which detects
minute perturbations in the extracellular iCa concentration
and responds with alterations in cellular function that nor-
malize iCa (78). The human CaR gene is located on chro-
mosome 3q13.3-q21 and encodes a cell-surface protein of
1078 amino acids. The CaR gene is developmentally up-
regulated (79), and CaR transcripts are present in numer-
ous tissues including chief cells of the parathyroid glands,
kidneys (in particular the thick ascending limb), brain, and
nerve terminals, and also the intestine, lung, and skin
(78,80). It is a member of GPCR superfamily and contains
at least seven exons of which six encode the large (�600
amino acid) amino-terminal extracellular domain and/or
its upstream untranslated regions, while a single exon
codes for the remainder of the receptor consisting of a
seven-member membrane-spanning domain and a cyto-
plasmic carboxy-terminal intracellular domain (78).

Low or falling serum Ca levels act within seconds to
result in secretion of preformed PTH. There is a sigmoidal
type of PTH secretion in response to decreased serum Ca
and is most pronounced when serum Ca is in the mildly
hypocalcemic range. PTH secretion is 50% of maximal at
a serum iCa of 1 mmol/l (4 mg/dl); this is considered as
the calcium set point for PTH secretion. Sustained hypo-
calcemia increases PTH mRNA within hours. Protracted
challenge leads within days to cellular replication and in-
creased gland mass. High serum Ca levels suppress PTH
secretion via activation of CaR (80,81). It in turn activates
phospholipase C and generation of IP3 and DAG, and
probably increases the proteolytic destruction of pre-
formed PTH. Hyperphosphatemia stimulates PTH secre-
tion, probably by lowering the serum Ca concentration
(67,81). A decrease in serum Mg concentration also can
stimulate PTH secretion (82,83), although chronic hypo-
magnesemia inhibits secretion of PTH possibly from in-
creased target tissue resistance to PTH (84). The latter
may be related to inactivity of adenylate cyclase, a Mg-
requiring enzyme. Other systemic factors (catecholamines,
prostaglandins, growth hormone, CT, estrogen, progester-
one, cortisol, and somatostatin) and local factors (inter-
leukin-1) modulate PTH secretion and function (85,86).

However, their role in the regulation of calcium metabo-
lism under physiological conditions is not clear. In chronic
renal failure, downregulation in the expression of renal
CaR may account for the development of secondary hy-
perparathyroidism (87) and downregulation of PTH re-
ceptors may account for the skeletal resistance to calcemic
effect of PTH (88). In the kidney, CaR decreases the basal
and PTH-stimulated paracellular reabsorption of Ca, Mg,
and sodium via multiple mechanisms. These include in-
hibition of cAMP accumulation; and stimulation of phos-
pholipase A2 activity, thereby promoting the release of
free arachidonic acid that is metabolized via the lipo-
oxygenase pathway to P450 metabolites that inhibit the
activities of NaK2Cl cotransporter and the K� channel.
This may affect renal water regulation by inhibition of
vasopressin-abated water flow (32,33,68,69,80). Extracel-
lular Ca exerts numerous other actions on parathyroid
function, including modulation of the intracellular degra-
dation of PTH, cellular respiration, membrane voltage, the
hexose monophosphate shunt, and others (25,26,80).
Maintenance of Ca homeostasis through other organs also
may be possible with the presence of CaR in the intestinal
cells and probable modulation of CT secretion from
changes in intracellular calcium (26,89). Vitamin D and
its metabolites 25 hydroxyvitamin D (25 OHD) and
1,25(OH)2D, acting through vitamin D receptors decrease
the level of PTH mRNA (90).

B. Calcitonin

Calcitonin monomer is a 32-amino-acid peptide secreted
primarily from the thyroid C cells and also from many
extrathyroidal tissues including brain, putuitary, mammary
gland, and other tissues (91–95). CT-containing cells and
parathyroid gland cells are thought to derive developmen-
tally from the same tissue source as the neural crest. In
the rat, the number of thyroid C cells and secretion of CT
increase from fetal life to suckling (93), which are periods
of rapid growth. There is probably no placental crossover
of CT; the human placental tissue is able to produce CT
in response to the presence of Ca in the culture medium
(94). In human neonates, the CT content in crude tissue
preparations of thyroid is larger than that of the adult thy-
roid (95).

There are two calcitonin genes, � and �, located on
chromosome 11p15.2 near the genes for �-globulin and
PTH. Two different RNA molecules are transcribed from
the � gene: one is translated into the precursor for CT and
the other message is translated into the precursor for CT
gene-related peptide (CGRP) (91–97). The initial trans-
lational product of the mRNA is prepro-CT, which un-
dergoes proteolytic cleavage to form pro-CT. The larger
prohormones include peptides linked to the amino and
carboxy terminals of the CT sequence (i.e., flanking pep-
tides). Calcitonin and equimolar amounts of non-CT se-
cretory peptides, corresponding to these flanking peptides,
are generated during precursor processing. CGRP is found
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predominantly in nerve fibers in the central and peripheral
nervous system, blood vessels, thyroid and parathyroid
glands, liver, spleen, heart, lung, and possibly bone mar-
row. CGRP, a 37-amino-acid peptide, is also generated
from the larger precursor molecule. It is synthesized
wherever the CT mRNA is expressed (e.g., in medullary
carcinoma of thyroid). The � or CGRP-2 gene is tran-
scribed into the mRNA for CGRP in the central nervous
system and does not produce CT. Seventy-five amino-ter-
minal residues of each preprohormone for CT and CGRP
are predicted to be identical. Pro-CT is a 116 amino-acid
peptide, whereas the pro-CGRP is a 103 amino-acid pep-
tide.

Circulating immunoreactive CT and CGRP are a het-
erogeneous mixture of different molecular forms and are
recognized as long as the antigenic epitopes recognized
by the antiserum are expressed. Immunoreactive CT or
CGRP concentration is expressed in gravimetric or molar
equivalents of synthetic CT or CGRP. Sample preparation
with initial extraction, gel chromatography and high-per-
formance liquid chromatography separation, and the use
of two-site immunoassay can improve the sensitivity and
specificity of CT measurements. Serum CT concentrations
during pregnancy are variable (2,98). They are high at
birth compared to paired maternal CT concentrations (98).
Serum CT further increases during the first few days after
birth and may reach levels five- to 10-fold higher than
adult CT concentrations (58,59,99,100). Serum CT con-
centrations decrease progressively during infancy (61,99);
however, in preterm infants up to 3 months after birth,
the mean serum CT concentrations may remain twice the
adult value (99). There is also a small peak of serum CT
concentration during late childhood. In human adults, the
basal serum CT concentration may be lower in women
than in men, but it is not affected by old age. The CT
secretory response to Ca infusion is lower in women and
with old age (101). In human adults, serum CT and CGRP
concentrations are found in the picomolar range. Diurnal
variability has been reported for serum CGRP but not for
serum CT (102–104). In normal individuals, larger pre-
cursor molecules of CT such as procalcitonin is not de-
tected (105).

Classic bioactivity of human calcitonin (hCT) is pres-
ent in the full 32 amino-acid structure or its smaller frag-
ments, such as hCT 8–32 and hCT 9–32; the ring struc-
ture of CT enhances, but is not essential for, hormone
action. Basic amino acid substitutions confer a helical
structure in this region as found in salmon and other non-
mammalian CT, and result in greater potency in lowering
serum Ca and probably longer circulating half-life (t1/2)
(97). The kidney appears to be the dominant organ in the
metabolism of human CT. A small percentage of the met-
abolic clearance rate of CT in humans may be accounted
for by enzymatic degradation in blood. Injected hCT
monomer disappears from the blood in vivo with a t1/2
of approximately 10 min; in contrast, the t1/2 of hCT in

plasma incubated in vitro at 37�C may be longer than 20
h (106). Depending on the animal species, other sites such
as liver, intestine, and bone may be involved in the me-
tabolism of CT.

In humans, changes in Ca and P metabolism are not
seen despite extreme variations in CT production. In the
neonate, there is neither an identifiable hypocalcemic re-
sponse to the postnatal surge in serum CT nor a blunting
of CT secretion in the presence of hypocalcemia. In
adults, there is no definite effect attributable to CT defi-
ciency, for example, totally thyroidectomized patients re-
ceiving only replacement thyroxin; or CT excess, for ex-
ample, patients with medullary carcinoma of thyroid,
except for the chronic suppression of bone remodeling.
The clinical significance of CT is related to its use as a
tumor marker in the management of medullary carcinoma
of the thyroid, and its pharmacological effect to inhibit
osteoclast-mediated bone resorption and to increase renal
Ca clearance. The pharmacological activities of CT are
useful for the suppression of bone resorption in patients
with Paget’s disease, for limited use in the treatment of
osteoporosis, and for early-phase treatment of severe hy-
percalcemia (92). In addition, CT also increases renal
clearance of Mg, P, and sodium and free water clearance
(32,33). The net effect of CT is a lowering of serum Ca
and P concentrations. Thus, the bioactivity of CT on cal-
cium metabolism frequently is opposite that of PTH; CT
probably modulates the effect of PTH on organs.

The clinical role of CT and associated molecules, par-
ticularly its non-calcium-related actions, are increasingly
being expanded (92,97,105). For example, CT and CT
receptors may play an important role in a variety of pro-
cesses as wide-ranging as embryonic development and
sperm function/physiology; and the possible use of serum
procalcitonin as a marker of inflammation/sepsis. Its pro-
duction in neuroendocrine cells in the lung and intestine
is increased after exposure to bacterial endotoxin and in-
flammatory cytokines TNF and IL-6, thus increasing se-
rum procalcitonin.

There are distinct but overlapping effects of CT and
CGRP. CGRP primarily affects catecholamine release,
vascular tone and blood pressure, and cardiac contractility.
Its clinical role probably also lies in its potential phar-
macological effect (97,105,107–109). The influence of
CGRP on Ca and P homeostasis is minor compared to
that of CT. However, amylin, a pancreatic islet-derived or
synthetic 37 amino acid peptide, is a member of the CGRP
family with a potent hypocalcemic effect despite sharing
only 15% of its amino acid sequence with human CT. The
hypocalcemic effect of amylin is probably mediated by
the CT receptors on osteoclasts, and it is 100-fold more
potent than CGRP (110). Both CT and CGRP inhibit gas-
tric acid secretion and food intake.

Calcitonin function is mediated by binding to recep-
tors linked to G proteins, a member of the GPCR super-
family, and activation of adenylate cyclase and phospho-
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lipase C. The calcitonin receptor (CTR) gene is located
on chromosome 7q21.2-q21.3 and encodes a 490 amino
acid, seven-transmembrane G protein-linked receptor.
Two isoforms of human calcitonin receptor arise by alter-
native splicing of an exon of 48 nucleotides that encodes
a 16 amino acid insertion within the first intracellular
loop. The isoform with the insertion (hCTR-1) activates
only adenylate cyclase, whereas the other isoform (hCTR-
2) activates both adenylate cyclase and phospholipase C
(92,97,111). The role of receptor activity modifying pro-
teins to modify the calcitonin receptor-like receptor
(CRLR) posttranslationally is being defined. CGRP func-
tions are also mediated by receptors (109).

Secretion of CT is stimulated by an increase in serum
Ca and Mg concentrations and by gastrin, glucagon, and
cholecystokinin, along with several other structural ana-
logs of these hormones (e.g., pentagastrin, prostaglandin
E2), and by norepinephrine. Secretion of CT is inhibited
by hypocalcemia, propranolol, and other adrenergic an-
tagonists, somatostatin, and chromogranin A (92,97). Cal-
citonin gene transcription is positively regulated by glu-
cocorticoid (112) and negatively regulated by protein
kinase C (113), Ca, and vitamin D (114). Calcitonin may
activate the 1-hydroxylase system independent of PTH
and increase 1,25(OH)2D production (115), whereas
1,25(OH)2D decreases CT gene expression in adult rats
but is ineffective in 13-day-old suckling rats (116). The
latter observation may be related to fewer 1,25(OH)2D
receptors in C cells of immature rats. Calcitonin-induced
refractoriness to its own actions is a well known phenom-
enon in vitro and in vivo, and clinically is manifested as
the so-called escape phenomenon during therapy with cal-
citonin. This probably results from downregulation in the
number and functional reduction of receptor mRNA (117).

C. Vitamin D

Vitamin D (Mr 384) can be obtained from diet or syn-
thesized endogenously. It must undergo several meta-
bolic transformations primarily in the liver and kidney to
form the physiologically most important metabolite,
1,25(OH)2D, which functions as a hormone in the main-
tenance of mineral homeostasis. Under in vivo conditions,
there are over 30 other vitamin D metabolites, with and
without putative functions.

Dietary vitamin D (1 �g = 40 IU) is derived from
plants as ergocalciferol (vitamin D2) and from animals as
cholecalciferol (vitamin D3). Dietary vitamin D is ab-
sorbed into the intestinal lymphatics (118), and about 50%
of the vitamin D in chylomicron is transferred to DBP in
blood before uptake by the liver (119). In animals, vitamin
D3 can be synthesized endogenously in the skin. During
exposure to sunlight, the high-energy ultraviolet (UV)
photons (290–315 nm) penetrate the epidermis and pho-
tolyze 7-dehydrocholesterol (provitamin D3) to previ-
tamin D3. It then undergoes a thermally induced isomer-
ization to vitamin D3 that takes 2–3 days to reach

completion. Thus, cutaneous synthesis of vitamin D3 con-
tinues for many hours after a single sun exposure. Vitamin
D3 is carried in the circulation by DBP to other sites for
further metabolism. Vitamin D3 synthesis in the skin is
directly dependent on the amount of sunlight exposure
and affected by time of day, season and latitude (peak
sunlight at midday, in summer and lower latitudes);
amount of skin area exposed, and duration of sunlight
exposure. Melanin in the skin competes with 7 DHC for
ultraviolet photons but the production of vitamin D3 can
be compensated for by increasing the duration of sunlight
exposure; use of topical sunscreen blocks the ultraviolet
photons; and aging, which decreases the capacity for cu-
taneous synthesis of vitamin D3. Previtamin D3 is pho-
tolabile. Continued exposure to sunlight causes the isom-
erization of previtamin D3 to biologically inert products,
principally to lumisterol. No more than 10–20% of the
initial provitamin D3 concentrations ultimately end up as
previtamin D3, thus preventing the excessive production
of previtamin D3 and vitamin D3 (120).

In mammals, vitamins D2 and D3 appear to metab-
olize along the same pathway, and there is little functional
difference between their metabolites. The term vitamin D
is frequently used generically to describe vitamins D2 and
D3 and, correspondingly, their metabolites.

In the circulation, vitamin D and its metabolites are
protein bound, mainly to DBP (about 85%) and to albu-
min (about 15%) (121). The DBP gene is located on chro-
mosome 4q11-13. It is a member of a gene family that
includes serum albumin and �-fetoprotein (122). DBP is
a 52 kD globulin in the rat and approximately 58 kD in
the human; it is normally <5% saturated with vitamin D
metabolite. Its affinity to vitamin D metabolites depends
inversely on the distance between the 3�-hydroxy group
and other hydroxyl groups on each vitamin D metabolite.
Thus, its affinities for 25 OHD, 24,25(OH)2D and
25,26(OH)2D are greater than for vitamin D and
1,25(OH)2D (123). The amount of DBP may influence the
concentration of ‘‘free’’ 1,25(OH)2D in plasma, which is
important in determining the bioactivity of the hormone.

In the liver, vitamin D is hydroxylated at carbon 25
to 25-hydroxyvitamin D (25-OHD). The vitamin D-25 hy-
droxylase activity is found predominantly in the cyto-
chrome P450-containing enzyme, CYP-27 protein, on the
inner surface of the mitochondrial membrane. This protein
also catalyzes 27-hydroxylation of cholesterol derivatives.
The CYP-27 gene is located on chromosome 2q33 and
encodes a polypeptide of 531 amino acids processed to a
mature 56.9 kD protein of 498 amino acids (124). Quan-
titatively, 25 OHD (1 nmol/L = 0.4 ng/ml) is the most
abundant vitamin D metabolite in the circulation and is a
useful index of vitamin D reserve.

In the kidney, 25 OHD is hydroxylated further to
1,25(OH)2D with 25-OHD-1�-hydroxylase (CYP 1�),
and to 24R,25-dihydroxyvitamin D (24,25(OH)2D) with
25-OHD-24R-hydroxylase (CYP 24). This occurs primar-
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ily in the mitochondria of proximal tubules. The genes for
these enzymes have been localized to chromosome 12q13-
14 and 20q13.3, respectively (125–127). The human gene
encoding the CYP 1� is 5 kb in length, located on chro-
mosome 12, and comprises nine exons and eight introns;
its exon/intron organization is very similar to other mi-
tochondrial P450 enzymes cloned to date (127). Recent
reports that 25 OHD can be metabolized to 1,25(OH)2D
in the colon, prostate, and skin have raised the possibility
that 1,25(OH)2D may be needed for cellular health of
extrarenal tissues in addition to its classic action on min-
eral metabolism (128).

Regulation of 25-hydroxylase activity is limited and
there are few limitations to the production of 25 OHD. At
high concentrations of vitamin D, the mitochondrial en-
zyme will form significant quantities of 25 OHD. This is
part explains the serum 25 OHD variations with season
and vitamin D intake. The latter can increase serum 25
OHD to more than fivefold of upper normal range. The
in vivo administration of 1,25(OH)2D decreases serum 25
OHD (129). Ca deficiency increases the metabolic clear-
ance of 25-OHD (130).

The activity of 1�-hydroxylase, and therefore pro-
duction of 1,25(OH)2D, are tightly regulated. It is the
rate-limiting hormonally regulated step in the bioactiva-
tion of vitamin D. PTH increases transcriptional activity
of the CYP 1� gene promoter and increases mRNA for
1,25(OH)2D. Decrease in serum or diet Ca or P increase
mRNA for (127,130) and serum concentration of
1,25(OH)2D (131). In contrast, hypophosphatemia asso-
ciated with tumor-induced osteomalacia, autosomal
dominant hypophosphatemic rickets (ADHR), and X-
linked hypophosphatemia (XLH) do not elicit appropriate
phosphate conservation or an increase in 1,25(OH)2D
production. They have similar phenotypic manifestations
characterized by hypophosphatemia, decreased renal
phosphate reabsorption, normal (inappropriately low) or
low serum calcitriol concentrations, normal serum Ca and
PTH, and defective skeletal mineralization. XLH results
from mutations in the PHEX gene, encoding a membrane-
bound endopeptidase, whereas ADHR is associated with
mutations of the gene encoding FGF-23. The latter is a
small heat-sensitive molecule of <25 kD that inhibits so-
dium-dependent phosphate wasting and probably inhibits
CYP 1�. The endopeptidase PHEX degrades native FGF-
23, which presumably provides the biochemical link
among these clinical syndromes (132).

Other factors that enhance 1,25(OH)2D production
include estrogen, prolactin, growth hormone, insulin-like
growth factor-I, and PTHrP (133–135). 1,25(OH)2D pro-
duction is feedback regulated and is inhibited by chronic
deficiency or low circulating Mg (82,131,134,136). Mg
deficiency also lowers serum 1,25(OH)2D response to
low-Ca diet (137) but does not appear to limit
1,25(OH)2D production in animals (138). The effect of
Mg on 1,25(OH)2D metabolism is presumably related in

part to its role as a cofactor of the 1 �-hydroxylase en-
zyme (136). In contrast to the rapid increase in PTH se-
cretion and serum PTH concentrations, measurable alter-
ation in serum 1,25(OH)2D concentrations usually occurs
only hours after exposure to an appropriate stimulus. Ex-
trarenal production of 1,25(OH)2D in macrophages, par-
ticularly in granulomatous disease states, may not be
tightly regulated; is stimulated by �-interferon, but is not
responsive to changes in dietary calcium intake (134).

1,25(OH)2D function, like other steroid hormones, is
mediated primarily through modulation of the cellular ge-
nome by binding to specific nuclear receptors (vitamin D
receptor, VDR), a 424-amino-acid phosphoprotein. The
VDR gene contains nine exons and is located on chro-
mosome 12q13-14 near the site of the gene for 25 OHD-
1�-hydroxylase (125,139). VDR is a member of the nu-
clear receptor superfamily of steroid–retinoid–thyroid
hormone–vitamin D transcription regulatory factors. It
has several functional domains including a zinc finger-
mediated N-terminal DNA-binding domain, a C-terminal
hormone-binding domain, and a hinge region important
for nuclear localization. The VDR interacts with the reti-
noic acid X receptor (RXR) to form a heterodimeric
RXR–VDR complex that binds to specific DNA se-
quences, termed vitamin-D-responsive elements (VDREs)
(139). After 1,25(OH)2D binds to the receptor, it induces
conformational changes (140) that result in the recruit-
ment of a multitude of transcriptional coactivators that
stimulate the transcription of target genes. Vitamin D re-
ceptors are upregulated by 1,25(OH)2D at both the mRNA
and protein levels. They also are increased during growth,
gestation, and lactation but show an age-dependent de-
crease in mature animals and humans, supporting the no-
tion that vitamin D receptors may be up- or downregu-
lated, depending on Ca needs (126,139,141). All vitamin
D target cells that possess VDR can metabolize vitamin
D via the 24-hydroxylation pathway (126).

Two basic clinical functions define the major classic
action of vitamin D. The first is that vitamin D is required
to prevent rickets in children and osteomalacia in adults.
The second is the prevention of hypocalcemic tetany.
These functions are maintained by 1,25(OH)2D through
its effect on a number of target tissues, primarily intestine,
kidney, and bone, and modulating effects from other hor-
mones including PTH and CT. However, VDR is present
in numerous cell types, and 1,25(OH)2D-VDR action
clearly transcends bone and calcium/phosphate homeosta-
sis. Its actions extend into cell growth and differentiation
and immune, neural, and endocrine function (126,139).

Intestinal absorption of Ca and P consists of a passive
(concentration-dependent) and active component. Classic
vitamin D-dependent active Ca absorption in the intestine
involves multiple components. At the brush-border mem-
brane, non-genome-mediated action of 1,25(OH)2D oc-
curs within seconds to minutes to transport Ca into the
cell, probably mediated through a 1,25(OH)2-D-binding
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membrane receptor that opens voltage-gated Ca ion chan-
nels (71,142). Ca transport through the cytosol is facili-
tated by binding to Ca-binding proteins (CaBP, or calbin-
din D). There are at least two CaBPs and their expression
depends on the animal species and the organ studied. In
mammals, the 7.5–10 kD CaBP (calbindin D 9K) is found
mainly in the duodenum, whereas the 28 kD CaBP (cal-
bindin D 28K) is found mainly in the kidney and cere-
bellum. In avian species, such as the chicken, calbindin
D 28K is found in the intestine. 1,25(OH)2D stimulates
transcription of the CaBP gene, with resulting accumula-
tion of CaBP mRNA and protein in 1 or more hours after
1,25(OH)2D treatment (143). In the rat, there is an age-
dependent increase in intestinal calbindin D 9K extending
from the fetal period and reaching adult levels soon after
weaning. The level decreases in older rats (144). At the
basolateral membrane (BLM), 1,25(OH)2D causes an in-
crease in the concentration of ATP-dependent plasma
membrane iCa pump (PMCA) (145) and stimulates the
extrusion of Ca (146). Administration of 1,25(OH)2D also
induces brush border enzyme activities, such as alkaline
phosphatase that facilitates the movement of Ca across
cell membranes. The progressive increase in affinity for
Ca among the successive components as the Ca is trans-
ported from the brush border to the BLM also facilitates
Ca transport (143). There are conflicting reports on
1,25(OH)2D-induced changes in membrane fluidity from
altered lipid composition of intestinal cell membranes.

Vitamin D metabolites are also needed for the main-
tenance of P homeostasis by increasing intestinal absorp-
tion. Active transport processes of P across the intestine
include a saturable, sodium-dependent Na-K-ATPase that
involves the endoplasmic reticulum, an unsaturable and
sodium-independent component for brush border uptake
and basolateral membrane exit processes, and a Ca- and
vitamin D-dependent component (147,148). Intestinal P
absorption is well established in infants of human and
animal species and may be as high as 90% of P intake.
In preterm infants, P absorption appears not to be signif-
icantly affected by vitamin D intake (149).

The effect of vitamin D and its various metabolites
on ion transport is much less marked on the kidney than
on the intestine. In humans, conflicting data have been
reported on the effect of vitamin D and its metabolites on
renal excretion of Ca and P, probably because of the dif-
ficulty in controlling the many variables that may influ-
ence renal handling of these minerals. The mechanisms of
absorption vary significantly from one segment to another,
as the extent of hormonal regulation. The active, trans-
cellular component regulated by PTH, 1,25(OH)2D, CT,
and Ca-sparing drugs such as thiazide type diuretics, acts
primarily at the distal tubule. Both the active (regulated
by PTH and CT) and the passive paracellular transport of
Ca (32,33,68,142,150) and P (69,151,152) occur at the
thick ascending limb. The model for vitamin D-dependent
Ca transport across the intestinal epithelial cells also may

be applicable to the active renal Ca transport since VDR,
CaBP, and PMCA are found in both cell types and respond
similarly to changes in vitamin D, Ca, or P status (143).
In the rat kidney, developmental changes in the calbindin
D 28K also show an age-dependent change similar to that
for the intestinal calbindin D 9K (144). In the human,
calbindin D 28K gene is located on chromosome 8. Anal-
ogous to rat and chicken, the human calbindin D 28K
also contains six EF-hand-like domains, and there are at
least four functional binding sites for Ca. Vitamin D de-
pletion is associated with decreased renal P reabsorption
that is corrected rapidly by physiological amounts of
1,25(OH)2D, probably from stimulation of sodium-depen-
dent phosphate cotransporter (NPT2) in the brush border
membrane of proximal tubules and possibly from changes
in the lipid composition of tubular membrane (69,70,
143,151). In any case, renal P retention is extremely ef-
fective at low dietary intake in infants (43,45,46) and
adults (151,152) with tubular reabsorption of P approach
100% in infants with increased P need while receiving
low dietary P.

Bone mineralization of skeleton is thought to be pre-
dominantly secondary to the action of 1,25(OH)2D in in-
creasing the intestinal absorption of Ca and independently
of P; these two actions, thereby, elevate plasma Ca and P
concentrations. This is supported by the finding that the
skeletal abnormalities present in homozygous VDR
knockout mice are completely ablated by normalizing se-
rum Ca and P (153), and that Ca therapy improves bone
abnormalities in hereditary hypocalcemic vitamin D-resis-
tant rickets patients (154). Additionally, 1,25(OH)2D acts
on receptors of osteoblasts (enhances differentiation and
inhibits proliferation) and osteocytes to promote bone for-
mation and the production of osteocalcin, osteopontin, and
alkaline phosphatase. Both PTH and 1,25(OH)2D interact
with their specific osteoblast surface receptors to induce
the production of RANK ligand that interacts with RANK
receptors on the immature osteoclast precursor to differ-
entiate into mature osteoclasts (155). This leads to mo-
bilization of bone minerals and contributes to maintenance
of Ca and P homeostasis.

Quantification of vitamin D and its metabolites has
been achieved by several different methods. The more
routine approaches include high-performance liquid chro-
matography with detection by ultraviolet absorbance or
binding assays. Immunoassays based on antibodies raised
to vitamin D metabolite conjugates also are available. Val-
ues from different laboratories cannot be compared with-
out making direct comparison of their assay procedures.
Interlaboratory coefficients of variation for the measure-
ment of 25-OHD, 24,25(OH)2D, and 1,25(OH)2D may
range between 35% and 52% (156). Furthermore, differ-
ences between vitamins D2 and D3 in their affinity to the
vitamin D binding protein and receptors and different
chromatographic behavior on various preparative chro-
matographic systems (157) demand that great care be
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taken with assay techniques when dealing with patients
who have significant vitamin D2 intake. To ensure reliable
results, appropriate vitamin D standards must be used for
standard curve generation in performing competitive pro-
tein binding assays of these compounds.

Maternofetal transfer of vitamin D and its metabolites
varies, depending on the species. In humans, the cord se-
rum vitamin D concentration is very low and may be un-
detectable, probably because of poor maternofetal cross-
over. The 25 OHD concentration is directly correlated
with, but lower than, maternal values, consistent with pla-
cental crossover of this metabolite; 1,25(OH)2D concen-
trations also are lower than maternal values, but there is
no agreement on the maternofetal relationship of this and
other dihydroxylated vitamin D metabolites (1,158–160).
In vitro experiments demonstrate that 25(OH)D and
1,25(OH)2D may cross the perfused human placenta
(161). In vivo, some placental crossover may occur after
maternal exposure to pharmacological doses of vitamin D
(162) or 1,25(OH)2D at 17–36 �g/day (163). In the latter
case, consistently elevated (10 times normal) maternal
plasma 1,25(OH)2D concentrations (170–500 � pg/ml)
resulted in similarly elevated cord serum 1,25(OH)2D
concentrations (470 pg/mL) at delivery. However, the pla-
centa, like the kidney, produces 1,25(OH)2D, making it
difficult to ascertain just how much fetal 1,25(OH)2D re-
sults from placental crossover versus placental synthesis.

Seasonal and racial variations in serum 25 OHD con-
centrations occur, presumably from variations in endoge-
nous production. Serum 25-OHD is lower in winter and
in African-Americans; serum 1,25(OH)2D is higher in Af-
rican-American mothers. These differences may be re-
flected in cord serum values (158–160). The vitamin D
metabolite 24,25(OH)2D also crosses the placenta and
varies with the seasons, being highest in autumn (160).
The significance of this finding is unclear as 24,25(OH)2D
may be a metabolic product of 25 OHD to prevent vitamin
D toxicity. It appears that the human fetus receives the
bulk of its vitamin D already metabolized to 25 OHD.

Serum 1,25(OH)2D in the newborn become elevated
within 24 h after delivery (1) and appears to vary accord-
ing to Ca and P intake (45,46). African-Americans have
higher 1,25(OH)2D concentrations than whites in infancy
and early childhood (164), but not in the older pediatric
or adult population. In normal adults, serum 1,25(OH)2D
concentrations are relatively constant and maintained
within approximately 20% of the overall 24 h mean (165),
and show no seasonal variation (166). The latter is con-
sistent with the tightly regulated 1�-hydroxylase activity.
Serum 1,25(OH)2D is lowered in the elderly, possibly in
part related to a decrease in the responsiveness of
25(OH)D-1�-hydroxylase enzyme activity (167) and,
probably low vitamin D production in northern latitudes
(168). The circulating t1/2 of 25(OH)D is 2–3 weeks,
depending on the vitamin D status of the individual; it is
decreased in vitamin D-deficient individuals. 1,25(OH)2D

has a much shorter t1/2 of 3–6 h (169). Metabolites of
25 OHD and 1,25(OH)2D may undergo enterohepatic cir-
culation after exposure to intestinal �-glucuronidase. The
physiological role of enterohepatic circulation of vitamin
D metabolites has not been precisely quantitated (170,
171).

Human milk vitamin D, but not 25 OHD concentra-
tion, correlates with maternal vitamin D intake (169). In-
fant serum 25 OHD concentration does not correlate with
either human milk vitamin D or 25(OH)D concentrations.
The major sources of vitamin D for human-milk-fed in-
fants are from endogenous synthesis after sunlight expo-
sure (172–174) or from vitamin D supplementation
(172,175,176). It appears that for an infant living in tem-
perate regions, approximately 2 h/week of sunshine ex-
posure while fully clothed but without a hat, or 400 IU
vitamin D supplement, is sufficient to maintain normal
vitamin D status (173). Neonates, even very-low-birth-
weight infants, appear to have adequate capacity to absorb
and metabolize vitamin D. In infants receiving standard
supplementary vitamin D intake, circulating 25 OHD and
1,25(OH)2D concentrations may be increased to levels
comparable to, and sometimes exceeding, adult values
(176–178). Circulating 25 OHD and 1,25(OH)2D con-
centrations in infants also appear to be dependent on Ca
and P intake (43,45,46).

The enzyme 25 hydroxyvitamin D-24 hydroxylase
(CYP 24) is present in all vitamin D target cells and is
strongly induced by 1,25(OH)2D. In kidney and intestine
in particular, upregulation of the 24-hydroxylase enzyme
in response to 1,25(OH)2D treatment is rapid and occurs
within 4 h (179). The 24 hydroxylase catalyzes several
steps of 1,25(OH)2D degradation, collectively known as
the C24 oxidation pathway, which starts with 24-hydrox-
ylation and culminates in the formation of the biliary ex-
cretory form, calcitroic acid. Physiological production of
24R,25(OH)2D is therefore an important means to regu-
late the circulating concentration of 1,25(OH)2D and ca-
tabolism of vitamin D, although it may have a role in bone
integrity and fracture healing in the chick model (180).
Thus both the synthesis and degradation of 1,25(OH)2D
are tightly regulated events, and that the target cells for
vitamin D contains the means to regulate its activity at
the cellular level. Most of the other vitamin D metabolites
are derived primarily from further metabolic alterations to
25 OHD and 1,25(OH)2D through oxidation or side chain
cleavage and have poorly defined physiological function.
However, many analogs of vitamin D metabolites are been
studied for the numerous potential pharmacological ac-
tions that involve less calcemic-inducing and greater
maturation and differentiation effects (126).

IV. NONCLASSIC CONTROL OF CALCIUM
AND P HOMEOSTASIS

Maintenance of mineral homeostasis is intimately related
to skeletal health since the skeleton is the major reservoir
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for Ca and P, and any disturbance in skeletal health can
affect Ca and P homeostatis. Skeletal health, particularly
in the growing skeleton, requires the integrated actions of
classic calciotropic hormones, endocrine modulators of
growth, numerous cytokines and growth factors and their
receptors, as well as their endogenous modulators. Many
factors such as growth hormone, insulin-like growth fac-
tor-I, estrogen, progesterone, cortisol, and tumor necrosis
factor can affect the secretion or function of one or more
of the calciotropic hormones (86,112,133,135,179,181).
Many factors such as insulin-like growth factor-I, trans-
forming growth factor-�1, interleukin 1 and 6, and tumor
necrosis factor-� in turn can be modulated by calciotropic
hormones (85,182,183). The ultimate effect on mineral
homeostasis involved bone formation and/or bone resorp-
tion and flux of Ca and P between extracellular fluid and
bone, with or without direct involvement by calciotropic
hormones. Many factors such as cytokines can function
in a paracrine (i.e., cell-to-cell) or autocrine (i.e., cell-to-
own cell) fashion, particularly under pathological condi-
tions (155,183–188), whereas, some factors such as par-
athyroid hormone-related protein (PTHrP) may act both
systemically and locally (189).

PTHrP and PTH genes appear to be members of the
same gene family. PTHrP cDNA encodes a 177 amino
acid protein consisting of a 36-amino-acid precursor seg-
ment and a 141-amino-acid mature peptide. The mature
PTHrP contains several structural or functional domains.
The N-terminal 1-13 region has eight of 13 residues sim-
ilar to PTH. The amino acids 34–111 segment is highly
conserved among species while amino acid 118 to the C-
terminus is poorly conserved. PTHrP gene expression is
found in an extensive variety of normal endocrine and
nonendocrine tissues. PTHrP biological activity and im-
munoreactivity for PTHrP mRNA have been found in
many tissues by as early as 7 weeks of gestation, includ-
ing the fetus, placenta, lactating breasts, and milk in hu-
man (190–192) and in various tissues in the pig (55) and
sheep (56).

Both PTH and PTHrP appear to bind to the same G-
protein-linked receptor. Synthetic and recombinant
PTHrPs can mimic the effects of PTH on the classic PTH
target organs, involving activation of adenylate cyclase
and other second messenger systems (75,77).

Several PTHrP assays with varying sensitivities and
specificities have been developed (193) that account for
the variability reported between assays. The stability of
PTHrP in plasma samples may be enhanced if sample col-
lection is done in the presence of protease inhibitors. Cir-
culating immunoreactive PTHrP concentrations are low or
undetectable in normal subjects. Serum PTHrP is in-
creased during pregnancy (3,4) and is similar to (4) or
lower than (3) the umbilical cord concentrations. In cord
serum, PTHrP concentrations are 10–15-fold higher than
that of PTH. Amniotic fluid PTHrP concentrations at mid-
gestation and at term are 13–16-fold greater than the cord

or maternal levels (194), and the concentration of PTHrP
in milk is 100-fold higher (192).

PTHrP concentrations in the circulation of individuals
with humoral hypercalcemia of malignancy (HHM) are
elevated (193). The amino-terminal fragment PTHrP 1-74
appears to be specific for HHM, whereas the carboxy-
terminal fragment PTHrP 109-138 is elevated in the serum
of patients with HHM or renal failure. The levels of
PTHrP in these patients are similar to the concentration
of PTH (10�12–10�11 mol/l).

In clinical terms, PTHrP, also known as PTH-like
peptide, PTH-like protein, or human humoral hypercal-
cemic factor, is the humoral mediator secreted by tumors
that results in the syndrome of HHM. Currently, the mea-
surement of PTHrP is of clinical utility primarily as a
tumor marker in HHM. Physiologically, PTHrP is an im-
portant paracrine regulator of several tissue-specific func-
tions that may directly or indirectly affect fetal and neo-
natal mineral homeostasis, probably through its effect on
smooth muscle relaxation, placental calcium transport,
lactation, fetal bone development, and in the control of
cellular growth and differentiation (189,190).

V. HYPOCALCEMIA

Neonatal hypocalcemia may be defined as a serum tCa
concentration below 2 mmol/l (1 mmol/l = 4 mg/dl) in
term infants and 1.75 mmol/l (7 mg/dl) in preterm infants
with iCa below 1.0–1.1 mmol/L (4.0–4.4 mg/dl), de-
pending on the particular ion-selective electrode used.
These definitions are made from a clinical viewpoint be-
cause serum Ca concentrations are maintained within
narrow ranges under normal circumstances and the poten-
tial risk for disturbances of physiological function in-
creases as the serum Ca concentration further decreases.
Furthermore, improvements in physiological function
(e.g., changes in cardiac contractility, blood pressure, and
heart rate) are reported in hypocalcemic infants undergo-
ing Ca therapy (195–197), and a higher mortality rate has
been reported for children with hypocalcemia in pediatric
intensive care setting (198).

Clinically, there are two peaks in the occurrence of
neonatal hypocalcemia. An early form typically occurs
during the first few days after birth, with the lowest con-
centrations of serum Ca being reached at 24–48 h of age;
late neonatal hypocalcemia occurs toward the end of the
first week and generally presents as neonatal tetany. These
findings reflect the traditional clinical practice of screen-
ing for biochemical abnormalities in small or sick hospi-
talized infants during the first few days, and in sympto-
matic infants after hospital discharge. The nadir of the
serum Ca concentration may occur at less than 12 h
(7,199–201) or not until some weeks after birth (202,
203), and that many neonates, particularly those with ge-
netic defects in Ca metabolism, may be hypocalcemic but
remain asymptomatic and undetected during the early ne-



492 Koo

Table 1 Risk Factors for Neonatal Hypocalcemia

Maternal
Insulin-dependent diabetes
Hyperparathyroidism
Vitamin D or magnesium deficiency
Anticonvulsant use (?)
Narcotic use (?)

Peripartum: Birth asphyxia
Infant

Intrinsic
Prematurity
Malabsorption
Malignant infantile osteopetrosis
Parathyroid hormone: impaired synthesis, secretion,

regulation or responsiveness
Extrinsic

Diet
Inadequate calcium
Excess phophorus

Enema: phophate
Exchange transfusion with citrated blood
High rate of intravenous lipid infusion
Phototherapy (?)
Alkali therapy (?)

onatal period. This also may contribute to the less frequent
diagnosis of late neonatal hypocalcemia compared to early
neonatal hypocalcemia. It seems preferable to classify ne-
onatal hypocalcemia based on risk factors (Table 1) rather
than the traditional early or late onset.

A. Pathophysiology

The pathophysiological mechanisms of hypocalcemia are
varied and frequently interrelated but not fully defined
(Table 2). In most cases of neonatal hypocalcemia, there
is a decrease in both tCa and iCa. There exists a common
basis for its occurrence particularly so-called in early on-
set hypocalcemia. These include the abrupt discontinua-
tion of placental Ca supply after birth, limited or no
dietary calcium, transient limited increase in the serum
PTH concentration, possibly end-organ resistance to
1,25(OH)2D, and elevated serum CT concentration. These
problems are exaggerated in the preterm infant and ac-
counts for the inverse relationship between the frequency
of hypocalcemia with birth weight and gestational age;
over 50% of preterm very-low-birth-weight neonates may
have hypocalcemia (7,199–201). Small preterm infants
often have associated illnesses that preclude early enteral
feeding but many clinicians do not use calcium-containing
parenteral nutrition for 1 or more days after birth, thus
increasing the risk for hypocalcemia. Resistance to phar-
macological dosages of 1,25(OH)2D demonstrated in vi-
tro (204) and in vivo (7,200) might contribute to hypo-
calcemia in small preterm infants. The amount of calcium

retention from milk feeds even in healthy term infants
probably is less than 20 mg/kg body weight on the first
day, rising to about 45–60 mg or more/kg on the third
day; these amounts are significantly lower than the daily
in utero Ca accretion of over 100 mg/kg during the third
trimester (47). Excessive P load from diet including in-
creased dietary P can be from cow-milk ingestion (6) and
even with humanized cow-milk-derived formulas with
lower P content (42) or from cereals (205); from acciden-
tal overdose of oral phosphate supplement (206) or phos-
phate-containing enema (207,208) can result in hypocal-
cemia.

Other clinical situations include any chronic diarrheal
condition, especially if associated with steatorrhea, is gen-
erally associated with intestinal malabsorption of Ca and
possibly impaired enterohepatic circulation of vitamin D
and vitamin D metabolites. Specific intestinal malabsorp-
tion of Mg (209) may lead to Mg depletion and, second-
arily, to hypocalcemia, which can be corrected only when
the Mg disturbance is corrected. The most common cause
of intestinal malabsorption of Mg is surgical resection of
large segments of small bowel, with or without fistula
losses of various minerals. The use of high P (106–120
mg/100 kcal) and a fixed Ca (180 mg/100 kcal) content
formula can lower the fecal loss of Mg (210) in preterm
infants, whereas P depletion may be associated with in-
creased urinary Ca and Mg (32,33,136,211).

Pathophysiology of some situations with hypocal-
cemia remain ill defined: for example, despite the hypo-
calcemic effects of CT, the serum CT concentrations con-
tinued to increase in neonates of normal and diabetic
pregnancies irrespective of the variation in serum calcium
(59,201); in neonates with birth asphyxia (201); and in
preterm infants (58). The stimulus for the postnatal rise
in serum CT, despite falling serum Ca, is unknown. There
are conflicting reports on the effect of Ca supplementation
to suppress the postnatal surge in CT secretion (58,212).
However, serum CT is increased after an intravenous bo-
lus of Ca during exchange blood transfusion (213). Infants
with intrauterine growth retardation may have hypocal-
cemia if they are also preterm (58) or have birth asphyxia
(58,201,214); otherwise, there is apparently no increased
incidence of hypocalcemia related to growth retardation
per se (8,215).

Maternal use of the anticonvulsants phenytoin and
phenobarbital may be associated with neonatal hypocal-
cemia, presumably from increased clearance of vitamin D
secondary to the induction of hepatic cytochrome P450
enzyme system (216). However, other maternal factors in-
cluding seasonal variation in sunlight exposure, increased
maternal age and parity, and poor socioeconomic status
(217), may contribute to development of neonatal hypo-
calcemia, presumably in part from varied and probably
deficient maternal vitamin D. However, there is no sea-
sonal variation in the rate of early neonatal hypocalcemia
(218) despite seasonal variation in maternal and fetal vi-
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Table 2 Pathophysiology of Neonatal Hypocalcemia

Physiological basis Mechanism Clinical association

Calcium total and ionized Decreased intake or absorption Prematurity; malabsorption syndrome
Calcium ionized Increased Ca complex Chelating agent (e.g., citrated blood for exchange transfusion,

long-chain free fatty acid)
Magnesium Decreased tissue store or ab-

sorption
Infant of insulin-dependent diabetic mother; maternal hypo-

magnesemia; specific Mg malabsorption (rare)
Phosphorus Increased Endogenous and exogenous (e.g., dietary, enema) phosphate

loading
pH Increased Respiratory or metabolic alkalosis (e.g., shifts Ca from ionized

to protein-bound fraction)
Parathyroid hormone Impair or defective synthesis or

secretion
Maternal hypercalcemia; DiGeorge association, hypoparathy-

roidism, hypomagnesemia; PTH gene mutations
Impair regulation Activating mutations of calcium-sensing receptor: autosomal

dominant or sporadic hypocalcemia with hypercalciuria
Impair responsiveness Chronic hypomagnesemia; inactivating mutation of type 1 PTH

receptor (?); pseudohypoparathyroidism
Calcitonin Increased Infant of insulin-dependent diabetic mother, birth asphyxia,

prematurity
1,25-Dihydroxyvitamin D Decreased responsiveness Prematurity
Osteoclast activity Absent Malignant infantile osteopetrosis

tamin D status as indicated by maternal and cord 25 OHD
concentrations (158,160). Hypomagnesemia may be con-
tributory to hypocalcemia in infants of mothers with in-
sulin-dependent diabetes (219), although it is conceivable
that both hypocalcemia and hypomagnesemia may be the
result of a common insult from the diabetic pregnancy.
Maternal vitamin D or Mg deficiency probably predis-
poses to but is not the primary cause of hypocalcemia in
the neonate. Malignant infantile osteopetrosis may present
with neonatal hypocalcemia (220), presumably reflecting
continue Ca uptake from unopposed bone formation.

Neonatal hypocalcemia from impaired synthesis or
secretion of PTH in the newborn can occur secondary to
developmental defects of parathyroid gland, specific mu-
tations of PTH gene, or maternal hypercalcemia. Neonatal
hypocalcemia is often the first manifestation that leads
to the diagnosis of maternal hyperparathyroidism (202,
203).

Hypocalcemia (in varying degree of severity) from
so-called transient congenital hypoparathyroidism (TCHP)
may occur in association with DiGeorge and velocardi-
ofacial/Shprintzen syndromes. Both syndromes may rep-
resent different degrees of the same disorder with partial
or complete absence of derivatives of the third and fourth
pharyngeal pouches, and possibly the fifth pouch, and are
often associated with defective development of the third,
fourth, and sixth aortic arches. Other clinical manifesta-
tions may include some combination of congenital heart
disease, primarily involving the aortic arch, decreased T-
cell number or function, and possibly thyroid C-cell de-
ficiency (221,222). Deletion of 22q.11 has been reported
in these patients (223), and DiGeorge association may be

inherited in an autosomal dominant fashion (224). Neo-
nates with TCHP may have prolonged hypocalcemia that
requires treatment until late infancy or early childhood,
and hypoparathyroidism may recur in later childhood
(225–227).

Hypoparathyroidism in the infant is a heterogeneous
group of disorders and may occur sporadically or with
differing mendelian modes of inheritance (228–232).
Synthesis of defective PTH can occur in the autosomal
dominant form with a point mutation in the signal peptide-
encoding region for the prepro-PTH. The autosomal re-
cessive form is associated with a mutation in the donor
splice site leading to transcriptional loss of the second
axon and prevention of translation. The X-linked recessive
form is associated with embryonic dysgenesis of parathy-
roid glands. Hypoparathyroidism from fetal parathyroid
hypoplasia or dysgenesis usually requires life long treat-
ment to prevent hypocalcemia.

Defects in the regulation of PTH can result in hy-
pocalcemia. A variety of missense, nonsense, deletion, and
insertion mutations of CaR gene, some with mendelian
modes of inheritance, can result in altered receptor activity
and clinical disease. Activating CaR mutations with
reduction in EC50 (concentration of extracellular Ca
required to elicit half of the maximal increase in intracel-
lular inositol phosphate) manifested as autosomal domi-
nant or sporadic cases of hypocalcemia with hypercalci-
uria have been reported (233–235). Hypocalcemia is
usually mild and asymptomatic, and diagnosis is often de-
layed beyond the neonatal period, although hypocalcemia
was likely to be present during the immediate newborn
period.
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Neonatal hypocalcemia may result from relative de-
fective or inadequate response to PTH. Inactivating mu-
tation of the type 1 PTH receptor gene as documented in
Blomstrand’s chondrodystrophy is manifested as the pre-
natally lethal form of short limb dwarfism (236). Theo-
retically this defect may result in hypocalcemia but the
regulation of serum Ca has not been evaluated in vivo.

Newborn infants increase serum PTH coincident with
a fall in serum Ca (53,58–60), presumably reflecting
abrupt withdrawal of the placental transfer of Ca, and the
increase in PTH may be insufficient to maintain normal
serum Ca. This may reflect the relative inadequacy or
transient nature of the PTH response. For example, in sit-
uations of induced hypocalcemia, such as during an
exchange transfusion using citrated blood (213,237) or
feeding of the relatively high P content of cow-milk for-
mula (42). The ability of the neonatal parathyroids to re-
spond to hypocalcemic stress increases with age (237).
Impaired end-organ response to PTH also occurs with
chronic hypomagnesemia and may involve simultaneous
impairment in both PTH and 1,25(OH)2D pathways
(83,136,137).

End-organ unresponsiveness to PTH associated with
genetic defect is classically manifested as pseudohypo-
parathyroidism type 1a (PHP-1a) or Albright’s hereditary
osteodystrophy. The biochemical basis of the defect is
proximal to cyclic AMP production. It is inherited in an
autosomal dominant fashion with heterozygous inactivat-
ing mutations in the maternal GNAS1 exons that encode
the �-subunit of the stimulating G protein (Gs�). The
gene GNAS1 is located on chromosome 20q13.3 and
encodes 13 exons that are alternatively spliced to yield
four Gs� proteins. Multiple mutations include abnormal-
ities in splice junctions associated with deficient mRNA
production and point mutations that result in diminished
amount and activity of the G proteins have been reported.
The inactivating mutation of the gene impaired the pro-
duction of adenylate cyclase second messenger system,
leading to resistance to multiple hormones (including
PTH, vasopressin, and thyrotropin) that activate Gs�.
Clinical manifestations include short stature, round face,
brachymetacarpals and brachymetatarsals, dental dyspla-
sia, subcutaneous calcifications, abnormalities in taste,
smell, hearing, and vision, and developmental delay. Bi-
ochemical abnormalities include hypocalcemia, hyper-
phosphatemia, increased circulating PTH, and insensitiv-
ity to the administration of exogenous PTH (unaltered
urinary calcium, P, and cAMP) in the absence of compro-
mised renal function. The extent of resistance to other
hormones is variable and the complete biochemical pic-
ture is usually not evident until 2–3 years after birth
(231,238,239).

Parent-specific methylation with parental imprinting
of the GNAS1 gene involving selective inactivation of
either the maternal or paternal allele is possible and led
to different phenotypic expression. In the case of the Gs�

gene, it is paternally imprinted (silenced) so that the dis-
ease PHP-1a is never inherited from the father carrying
the defective allele but only from the mother. However,
the defective allele is not imprinted or silenced in all tis-
sues and reflects haplotype insufficiency. For example,
PHP type 1b is characterized by isolated resistance to PTH
without the accompanied skeletal manifestations. Paternal
isodisomy of chromosome 20q in patients that lack the
maternal-specific methylation pattern within GNAS1 re-
sults in normal Gs� protein and activity in the fibroblast
but not in the renal proximal tubules (240). There is a
third type, PHP-1c, reported in a few patients that differs
from PHP-1a only in having normal erythrocyte levels of
Gs�, presumably there is a post-Gs� defect in adenyl cy-
clase stimulation. All type 1 PHP individuals show a de-
ficient urinary cAMP response to the administration of
exogenous PTH. Whereas, individuals with pseudopseu-
dohypoparathyroidism (PPHP) have typical clinical man-
ifestation of PHP-1a but have normal serum Ca and nor-
mal response of urinary cAMP to exogenous PTH. The
mutated GNAS1 gene is inherited from the father (i.e.,
paternal imprinting) with suppression of the mutant copy
in selected tissues (241) and there is a 50% reduction but
not absent Gs� subunit.

Neonatal hypocalcemia with seizure and so-called
transient features of pseudohypoparathyroidism has been
reported (242). These infants have elevated serum PTH
and P with hypocalcemia at diagnosis. Response to ex-
ogenous human PTH (1–34) show little phosphaturic ef-
fect although there was brisk response in plasma and urine
cAMP and alkaline phosphatase. After initial treatment for
hypocalcemia, the serum Ca and PTH spontaneously nor-
malized before 6 months of age.

Decreases in serum iCa can occur without decreases
in serum tCa. Agents that complex Ca in the blood would
be expected to decrease ionized Ca. Such agents include
citrate, which is used as an anticoagulant for blood stor-
age. During exchange blood transfusion, iCa can be de-
creased to 0.5 mmol/l in spite of administration of con-
ventional amounts of Ca (i.e., 0.5–1 ml of 10% Ca
gluconate for each 100 ml blood exchanged) during the
transfusion (213,237). Increased levels of long-chain free
fatty acids from intravenous lipid emulsion can complex
Ca and reduce iCa in vitro (243), thus hypocalcemia po-
tentially can occur with excessive rate of intravenous lipid
infusion. Alkalosis can result in shifts of Ca from the ion-
ized state to the protein-bound fraction (14,20,21). Be-
cause alkalosis per se increases neuromuscular hyperir-
ritability, the combination of decreased serum iCa and
alkalosis may precipitate clinical tetany in an infant with
borderline serum Ca status. In clinical practice, adminis-
tration of sodium bicarbonate in the therapy of metabolic
acidosis often occurs in situations with high risk of hy-
pocalcemia such as prematurity or perinatal asphyxia,
whether it has an independent role in the development of
hypocalcemia is not known. Hypocalcemia in neonates
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Table 3 Diagnostic Work-Up for Neonatal Hypocalcemia

History: Screen for risk factors (see Table 1).
Physical Examination

General examination with focus on peripheral and central nervous and cardiovascular systems.
Associated features (e.g., infant of a diabetic mother, prematurity, birth asphyxia, congenital heart disease, pseudohypopara-

thyroidism etc.).
Investigationsa,b

Serum total and ionized calcium (tCa and iCa), magnesium and phosphorus, total protein and albumin, and simultaneous
intact or whole parathyroid hormone.

Acid–base status.
Complete blood count (lymphocyte count).
Electrocardiogram (Q-Tc > 0.4 s or Qo-Tc > 0.2 s).
Chest x-ray (thymic shadow, aortic arch).
Urine calcium, phosphorus, magnesium, and creatinine.
Meconium and urine screen for narcotics.
Maternal serum total and ionized calcium, magnesium and phosphorus, urine calcium and phosphorus, if suspect maternal

or heritable Ca disorder, particularly in persistent neonatal hypocalcemia.
Additional work-up as indicated: vitamin D metabolites, T-cell number and function, malabsorption studies, response to

exogenous PTH, molecular genetic studies (deletion of 22q11, PTH receptor and end-organ responsiveness abnormali-
ties, and calcium-sensing receptor defects, etc.) and family screening.

aIf serum tCa and iCa levels are normal, diagnostic work-up should focus on non-calcium-related causes of clinical symptoms: serum glucose,
sepsis workup, screen for excretion of illicit drugs, neuroimaging studies, and others.
bResolution of clinical symptoms when serum tCa or iCa has been normalized confirms the role of hypocalcemia.

receiving phototherapy is thought to result from the stim-
ulation of a complex system of extraretinal photorecep-
tion, which results in neuroendocrine sequelae and hy-
pocalcemia (244). For reasons that are unclear, infants
born to narcotic-using mothers have been reported to have
a lower serum iCa if they manifest withdrawal symptoms
(245).

B. Diagnosis

Suspicion of hypocalcemia must be confirmed by mea-
surement of serum tCa and iCa since clinical manifesta-
tions are many and varied and may be indistinguishable
from other common neonatal diseases. Diagnostic work-
ups are listed in Table 3. The less mature the infant, the
more subtle and varied are the clinical manifestations and
they are frequently asymptomatic. Clinical manifestations
may include, irritability, jitteriness, or lethargy; feeding
poorly with and without feeding intolerance; abdominal
distention; apnea; cyanosis; and seizures and may be con-
fused with manifestations of hypoglycemia, sepsis, men-
ingitis, anoxia, intracranial bleeding, and narcotic with-
drawal. Frank convulsions are seen more commonly with
so-called late neonatal hypocalcemia. The classic signs of
peripheral hyperexcitability of motor nerves: carpopedal
spasm (spasm of the wrists and ankles, Trousseau’s sign),
facial spasm (Chvostek’s sign), and laryngospasm (spasm
of the vocal cords) are uncommon in newborn infants.

The level of iCa that determines which feature of tet-
any will be manifested varies among individuals and by
other components of the extracellular fluid (e.g., hypo-

magnesemia and alkalosis) lower whereas hypokalemia
and acidosis raise the threshold for tetany. At physiolog-
ical concentrations of hydrogen and potassium ion, tetany
may develop in older infants at an iCa less than 0.8 mmol/
l (3.2 mg/dl) and will almost always be manifested, with
the possible exception of preterm infants, at an iCa less
than 0.6 mmol/l (2.4 mg/dl). If serum albumin concentra-
tions are normal, the corresponding serum tCa concentra-
tions usually are less than 1.8 mmol/l (7.2 mg/dl). In the
preterm infant, serum iCa may not decrease to the same
extent as tCa (7,201,246), presumably in part because of
the sparing effect of lower serum albumin and acidosis
found frequently in these infants, which tend to increase
iCa. This also may partially explain the frequent lack of
signs of hypocalcemia in preterm infants. The measure-
ment of electrocardiographic QT intervals, corrected for
heart rate (247), and standard nomogram relating serum
tCa and total protein to ionized Ca (248), have little value
for the prediction of neonatal serum iCa. Serum tCa is
correlated with iCa (7,23,24,246) but is also inadequate
for the prediction of one from the other. Confirmation of
hypocalcemia as the cause of clinical symptoms is its re-
versibility when serum tCa or iCa has been normalized.

C. Management

Any neonate with seizures should have blood drawn for
diagnostic tests before therapy (Table 4). Intravenous ad-
ministration of Ca salts is the most effective and most
rapid means of elevating serum Ca concentrations. Grad-
ual or abrupt decrease in heart rate during the infusion is
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Table 4 Management of Neonatal Hypocalcemia

Acute-phase therapy
Correction of hypomagnesemia, acid–base problem, or others, if possible.
Intravenous 10–20 mg elemental Ca/kg as 10% Ca gluconate or 10% Ca chloride (provides 9 mg elemental Ca/ml or 27.2

mg/ml, respectively) with dextrose water or normal saline infused over 5–10 min under constant electrocardiographic
(ECG) monitoring; repeat as necessary until resolution of severe symptoms such as seizures.

In infants that are not fed enterally, this is followed by intravenous continuous infusion at 50–75 mg elemental Ca/kg/day.
Sometimes parenteral nutrition containing 50 mg elemental Ca/100 ml is preferred and continued until feeding.

In asymptomatic infants, oral 50–75 mg elemental Ca/kg/day in 4–6 divided doses. Elemental Ca/ml of calcium carbonate
(40 mg), glubionate (23 mg), gluceptate (18 mg), gluconate (9 mg), lactate (13 mg), or chloride (27 mg). One ml of
each compound contains 40, 23, 18, 9, 13, and 27 mg elemental Ca, respectively. Should be given appropriate low-
phosphate milk feeding.

Once serum tCa normalized, halve the Ca supplement for 2 days, then discontinue.
Serial serum tCa (�/� iCa) every 12–14 h until clinically stable, every 24 h until normalized, and at 24 h after discontin-

ued Ca supplement.
Maintenance therapy: treat underlying disorder if possible

For diet-induced hyperphosphatemia: use very-low-phosphorus formula (PM 60/40, Abbott Laboratories, Columbus, OH)
until serum Ca and P normalized.

Higher Ca doses and prolonged therapy, may be needed (e.g., hypoparathyroidism).
Follow-up

Resolution of acute and residual effects from hypocalcemia and underlying disorder.
Frequency of clinical and laboratory monitoring depends on underlying disorder.
Family screening and genetic counseling as appropriate.

Complications
Treatment-related: minimal with continuous ECG monitoring during Ca infusion, avoid infusion into arterial lines (causes

arterial spasm and tissue necrosis), check patency of venous lines prior to infusion (extravasation causes tissue necrosis).
Risk for nephrocalcinosis and nephrolithiasis in patients with absent or nonfunctional parathyroid hormone, since protec-
tive hypocalciuric effect is absent.

Short-term: depends on the symptomatic manifestations: seizure, apnea, cyanosis and hypoxia, bradycardia and hypoten-
sion, and others. Risk of metastatic calcification from aggressive Ca treatment in the presence of hyperphosphatemia.

Long-term: primarily dependent on underlying cause.
Prevention

Minimize the predisposing risk factors for hypocalcemia, if possible.
Early milk feeding and use of calcium-containing parenteral nutrition.

an indication to slow or stop the infusion. There is little
information on the comparative efficacy of Ca prepara-
tions in the treatment of neonatal hypocalcemia. In neo-
nates, 10% Ca gluconate (0.45 mmol [18 mg] elemental
Ca/kg) can effectively increase serum iCa, heart rate, car-
diac contractility, and blood pressure (195–197). In chil-
dren, small equimolar doses (0.07 mmol [2.8 mg] ele-
mental Ca/kg) of 10% Ca chloride compared to 10% Ca
gluconate may result in higher mean arterial blood pres-
sure with a slightly greater mean increase (0.06 mmol/l,
0.2 mg/dl) in the measured serum iCa (249). Prolonged
use of Ca chloride in high dosages may be associated with
acidosis and probably should be avoided. With intrave-
nous Ca therapy, bolus infusion may be associated with a
transient slight decrease in blood pH and serum P (250)
and with hypercalcemia (237). Continuous infusion prob-
ably is more efficacious than intermittent therapy (251) to
maintain serum Ca in the normal range.

Arterial infusion of Ca in high concentrations poten-
tially is fraught with many dangers and should be avoided.

Massive sloughing of soft tissue may occur in the distri-
bution of the arterial supply, for example, inadvertent ad-
ministration into a mesenteric artery theoretically can lead
to necrosis of intestinal tissues. if umbilical venous cath-
eter is used, the tip should not be intracardiac as admin-
istration of Ca directly into the heart may result in
arrhythmia. However, parenteral nutrition solutions con-
taining standard mineral (including calcium) content can
be safely infused through appropriately positioned umbil-
ical venous or umbilical arterial catheters. Direct admix-
ture of Ca preparation with bicarbonate or phosphate so-
lution will result in precipitation and must be avoided.

All oral Ca preparations are hypertonic, and there is
a theoretical potential for precipitating necrotizing enter-
ocolitis in infants at risk for this condition. Oral Ca prep-
arations generally contains higher Ca concentration than
intravenous preparations, and is useful for infants, partic-
ularly those requiring fluid restriction. However, syrup-
based oral Ca preparations have a high sucrose content
that may constitute a significant carbohydrate and osmolar
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load for small preterm infants and may be associated with
an increase in frequency of bowel movements. As an al-
ternative an intravenous preparation can be used orally if
the fluid volume is tolerated. Concurrent Mg deficiency,
if present, must be treated to obtain maximal response to
Ca therapy.

The duration of supplemental Ca therapy is usually
2–3 days for early neonatal hypocalcemia. Vitamin D me-
tabolites, 1,25(OH)2D at 0.05–0.2 �g/kg/day, intrave-
nously or orally (252) and 1�-hydroxyvitamin D at 0.33
�g twice daily orally (253); and exogenous PTH (214)
have been used in the treatment of neonatal hypocalcemia.
However, there is no practical advantage to the use of
these agents in place of Ca for the treatment of acute
hypocalcemia.

Vitamin D or one of its analogs is often used in ad-
dition to adequate Ca intake for the treatment of severe
persistent hypocalcemia. The use of 1,25(OH)2D is pre-
ferred because it can raise serum Ca within 1–2 days after
initiation of therapy and leaves no residual effects within
several days of its discontinuation. Vitamin D has slower
onset of action of 2–4 weeks and the residual effect also
lasts several weeks after its discontinuation, thus making
dosage adjustment more difficult. In situations in which
PTH is absent or nonfunctional, its hypocalcuric action
cannot occur; therefore raising the serum Ca concentration
may cause hypercalciuria, renal stones, nephrocalcinosis,
and possible renal damage. These complications have
been reported during therapy in patients with activating
CaR mutation even while the patients are normocalcemic
(234).

Successful management of neonatal hypocalcemia
also depends on the resolution, if possible, of the primary
cause of hypocalcemia. For example, in phosphate-in-
duced hypocalcemia, high-phosphate formulas and solids
should be discontinued, and human milk or a low-phos-
phate formula should be substituted. Use of aluminum hy-
droxide gel to bind intestinal phosphate should be avoided
because of potential risk for aluminum toxicity (254).

Neonatal hypocalcemia may resolve spontaneously.
However, hypocalcemia probably should be corrected, be-
cause Ca potentially can alter important cellular functions
in which calcium serves either as a first or second mes-
senger in cellular activity. Early milk feeding and the use
of calcium-containing parenteral nutrition within hours af-
ter birth are the best means to minimize the development
and recurrence of hypocalcemia, and may negate the need
for use of Ca supplementation. Delaying premature deliv-
ery and minimizing perinatal asphyxia, judicious use of
bicarbonate therapy and mechanical ventilation, for ex-
ample, during intentional induction of alkalosis in the
treatment of persistent pulmonary hypertension (255) are
also useful measures to minimize neonatal hypocalcemia.
Maintenance of normal maternal vitamin D status with
exogenous vitamin D supplement, if needed, may in the-
ory be helpful in maintaining normal fetal vitamin D

status and may secondarily prevent hypocalcemia in some
neonates. Early feeding and provision of Ca to the gut
may be important in enhancing the ability of vitamin D
metabolites to prevent neonatal hypocalcemia.

Pharmacological prevention of neonatal hypocal-
cemia has focused primarily on the prophylactic use of
Ca salts or vitamin D metabolites. In newborn infants, Ca
supplementation results in sustained lowering of serum
IPTH concentrations compared to unsupplemented con-
trols (60). Ca supplementation may theoretically decrease
the metabolic stress from hypocalcemia and minimize the
potential for depletion of tissue Ca stores. Early studies
used up to 1.8–2.0 mmol (72–80 mg)/kg/day of oral Ca
supplement (256,257) and about half this amount intra-
venously (258) to prevent hypocalcemia. However, it
should be noted that a similar amount of Ca can be pro-
vided from an intake of 150–200 ml/kg/day of standard
term infant formula or human milk. Standard preterm in-
fant formula can provide almost 5 mmol (200 mg) Ca/kg/
day and parenteral nutrition with 1.25–1.5 mmol (50–60
mg) Ca/100 ml can easily provide 1.5 mmol (60 mg) of
Ca/kg/day. These amounts of Ca are well tolerated as they
have been the standard practice in most neonatal nurseries
for over a decade. Early feeding or parenteral nutrition
must be considered as the best means to prevent neonatal
hypocalcemia particularly for the preterm infant. Vitamin
D3 at 30 �g (conversion, 1�g = 40 IU)/day orally (259),
25(OH)D at 10 �g/kg/day orally (260), 1�-hydroxyvi-
tamin D3 at 0.05–0.1 �g/kg/day intravenously (261), and
1,25(OH)2D at 0.5–1 �g/day orally (262) or 0.1–4 �g/
kg/day intramuscularly or intravenously (7,200) have been
used in attempts to prevent neonatal hypocalcemia with
variable degrees of success. In small preterm infants, se-
rum Ca was normalized only at pharmacological dosages
of 1,25(OH)2D (7). Regular follow-up clinical and labo-
ratory monitoring such as evaluation of serum Ca and
IPTH, are necessary in some situations, because there are
no definitive measures to determine whether the infant
with so-called transient hypoparathyroidism that may last
for several years or is at risk for recurrence of hypopara-
thyroidism and hypocalcemia as late as adolescence
(225–227).

VI. HYPERCALCEMIA

Hypercalcemia in infants is rare. However, it is increas-
ingly being diagnosed because serum Ca is usually part
of a panel of chemistry tests, and because of increasing
knowledge of its pathogenesis. Hypercalcemia is present
when serum tCa levels are more than 2.75 mmol/l (11
mg/dl) or when iCa is more than 1.4 mmol/l (5.6 mg/dl).
In pathological hypercalcemia, elevation of serum iCa
usually occurs simultaneously with elevation of tCa; how-
ever, elevated tCa may occur without elevation of iCa.
Elevation of protein available to bind Ca (e.g., prolonged
application of tourniquet before venipuncture, transuda-
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Table 5 Pathophysiology of Neonatal Hypercalcemia

Phosphate deficiency
Low or no phosphate but calcium-containing parenteral

nutrition
Very-low-birth-weight infants fed human milk or, less

commonly, standard formula
Parathyroid-related

Hereditary primary hyperparathyroidism
Calcium-sensing receptor inactivating mutations: fa-

milial hypocalciuric hypercalcemia, neonatal severe
hyperparathyroidism

PTH receptor activating mutation
Secondary hyperparathyroidism

Maternal: hypocalcemia, renal tubular acidosis
Neonatal: renal tubular acidosis

Parathyroid hormone-related protein-secreting tumors
Vitamin D

Excessive intake in
Mother: increase milk vitamin D
Neonate: high-dosage vitamin D prophylaxis, overfor-

tification of milk
Subcutaneous fat necrosis (increase 1,25 dihydroxyvi-

tamin D)
Calcitonin response impairment (?) in congenital hypothy-

roidism
Vitamin A excess
Uncertain pathophysiological mechanism

Idiopathic infantile hypercalcemia/Williams syndrome
Extracorporeal membrane oxygenation therapy
Severe infantile hypophosphatasia
Blue diaper syndrome

tion of plasma water into tissues, in adult patients with
multiple myeloma, and possibly adrenal insufficiency)
may result in elevation of serum tCa. A change in serum
albumin of 1 g/dl generally results in a parallel change in
tCa of about 0.2 mmol/l. Conversely, reduced albumin
binding of Ca may result in normal serum tCa in the pres-
ence of elevated ionized Ca (263).

A. Pathophysiology

Hypercalcemia in infants, particularly in the neonatal in-
tensive care setting, is often iatrogenic from inadequate
provision of dietary phosphate during and after hospital-
ization (43,44; Table 5). Phosphate deficiency or hypo-
phosphatemia stimulates 1�-hydroxylase and synthesis of
1,25(OH)2D, which enhances intestinal absorption and re-
nal reabsorption of Ca and P. Increased Ca absorbed in
the presence of increased 1,25(OH)2D cannot be depos-
ited in bone in the absence of phosphate and contributes
to hypercalcemia. Details for the hormonal response to
hypophosphatemia are discussed in the previous section.
The use of Ca supplementation can result in hypercal-
cemia if there are periods of absent or inadequate phos-
phate intake (264) and this is augmented by decreased

renal Ca excretion in the neonate or from underlying ill-
ness.

Neonatal hyperparathyroidism frequently results in
marked hypercalcemia. It may be a sporadic congenital
occurrence or show a mendelian inheritance, or it may be
secondary to maternal hypocalcemia. Hereditary primary
hyperparathyroidism manifested in neonates is associated
with inactivating mutations of CaR. The severity of hy-
percalcemia is related to the extent of CaR mutation. Mild
hypercalcemia (serum tCa <3.0 mmol/l, 12 mg/dl) asso-
ciated with heterozygous mutated CaR is manifested clin-
ically in most patients with familial hypocalciuric hyper-
calcemia (FHH). The normal urinary Ca excretion despite
hypercalcemia is an effect of the mutated CaR in the kid-
neys. Serum PTH is usually within the normal range but
is higher than expected for the degree of hypercalcemia.
FHH has been reported in patients from 2 h to 82 years
of age and is usually diagnosed in infants as part of a
screening procedure after diagnosis of a family member
with hypercalcemia or familial multiple endocrine neopla-
sia. It is inherited as an autosomal dominant trait with a
high degree of penetrance (265,266). There usually is sig-
nificant hypophosphatemia and a modest increase in se-
rum Mg concentration, and functional parathyroid glands
are needed for full expression (265–268). Neonatal hy-
perparathyroidism associated with FHH that resolves
spontaneously over several months has been reported
(269). More severe hypercalcemia with serum tCa of 3 to
3.3 mmol/1 (12–13 mg/dl) has been attributed to coex-
pression of the normal and mutated CaR, with the latter
having a functional equivalent of a so-called dominant
negative effect (233,270). The most marked hypercal-
cemia (serum Ca >4 mmol/l, 16 mg/dl) occurs in neonatal
severe hyperparathyroidism with homozygous inactivating
germ-line mutations of the Ca-sensing receptor gene; the
disorder can be lethal within the first few weeks of life
(271,272).

Activating mutations of the PTH/PTHrP receptor
gene in Jansen metaphyseal dysplasia presumably have
the receptor defects in the kidney, bone, and chondrocytes
at the growth plate. The clinical manifestation include
postnatal-onset short-limb dwarfism with radiographic
rachitic changes, and mild hypercalcemia occurs in about
50% of affected patients (273,274).

Maternal hypocalcemia results in neonatal hyperpara-
thyroidism (275). Neonatal hyperparathyroidism also may
occur in the presence of maternal (276) or neonatal
(277,278) renal tubular acidosis. In these situations, met-
abolic acidosis independently increases bone resorption
(279), enhances the renal effects of hyperparathyroidism
(280), and the hypercalcemic effect is augmented by de-
creased renal excretory capacity of the neonate.

Elevated serum PTHrP and hypercalcemia are found
in an increasing number of infants with a variety of tu-
mors (281–283). There is also associated mortality
in some cases although the relative contribution of hy-
percalcemia and the underlying disease to death is not
clear.
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Other pathological conditions associated with in-
creased bone turnover or increased intestinal or renal Ca
absorption may result in hypercalcemia. Hypercalcemia
was reported in 34% of neonates and infants from inter-
mittent high-dosage vitamin D (600,000 IU each 3–5
months) prophylaxis (284). Hypercalcemia also has been
reported in infants given human milk with very high vi-
tamin D content (7000 IU/L) from high-dosage vitamin
D therapy for maternal hypoparathyroidism (285), milks
with excessive vitamin D fortification from errors during
processing (286,287), and in preterm infants given chronic
vitamin D supplementation in addition to high-Ca and
high-P milk formula (288). Neonates with extensive sub-
cutaneous fat necrosis may develop hypercalcemia after a
period of low or normal serum Ca concentrations. There
is often a history of perinatal asphyxia (289–291) and
anecdotal report that body cooling (291) for the treatment
of birth asphyxia could augment the development of sub-
cutaneous fat necrosis. Hypercalcemia is reported to occur
between 2 and 16 weeks, most commonly at 6–7 weeks.
Increased prostaglandin E activity, increased release of Ca
from fat and other tissues, and unregulated production of
1,25(OH)2D from macrophages infiltrating fat necrotic le-
sions have been postulated to be responsible for the hy-
percalcemia in these conditions (292). Vitamin A toxicity
is associated with hypercalcemia presumably secondary to
increased bone turnover (293).

Hypercalcemia may develop before and during thy-
roxine therapy of infants with congenital agoitrous hy-
pothyroidism (294). In theory, deficient CT response to
Ca loading or an increased degradation of CT may be
responsible for the hypercalcemia.

Neonatal hypercalcemia is reported in other situations
in which the pathophysiology remains uncertain. Idio-
pathic infantile hypercalcemia, often considered as part of
Williams syndrome, is associated with varying manifes-
tations including hypercalcemia, mental retardation, elfin
facies, and supravalvular aortic stenosis. There also may
be prenatal and postnatal growth failure. The presence of
hypercalcemia in infants with Williams syndrome is var-
iable, and serum Ca may be normal, but the presence of
nephrocalcinosis and soft tissue calcifications in some of
these infants suggests that hypercalcemia may have oc-
curred previously. An exaggerated response to pharma-
cological dosages of vitamin D2 (18,000–100,000 IU)
(295) and a blunted CT response to Ca loading and PTH
infusion (296) may contribute to the pathogenesis of hy-
percalcemia of idiopathic infantile hypercalcemia. Several
genetic defects in idiopathic infantile hypercalcemia, in-
cluding hemizygosity at the elastin gene on the long arm
of chromosome 7, have been reported (297,298). No mu-
tation of the CT/CGRP gene has been detected (299).
However, the cellular mechanism that led to the pheno-
typic expression remains unknown. Transient hypercal-
cemia occurs in infants during extracorporeal membrane
oxygenation therapy varies from <5% (300,301) to about
30% (302) depending on whether the cutoff point used

was >2.5 or >2.25 mmol (12 mg or 11 mg/dl) respectively.
Severe infantile hypophosphatasia is associated with hy-
percalcemia. It is a rare autosomal recessive disorder as-
sociated with decreased synthesis of tissue nonspecific al-
kaline phosphatase from a deletion or point mutation in
its gene located on chromosome 1. These patients have
severe bone demineralization, low serum alkaline phos-
phatase, and elevated urinary pyrophosphate and phos-
phoethanolamine. The condition may be lethal in utero or
shortly after birth because of inadequate bony support of
the thorax and skull, although milder phenotypes are com-
patible with survival to adulthood (303,304). Blue diaper
syndrome is a rare familial disorder with defect in intes-
tinal transport of tryptophan. The blue discoloration of the
urine results from the hydrolysis and oxidation of urinary
indican, an end-product of intestinal degradation of un-
absorbed tryptophan and hepatic metabolism of its inter-
mediate metabolites. Hypercalcemia and nephrocalcinosis
usually do not manifest until some months after birth
(305).

B. Diagnosis

Neonates with hypercalcemia may be asymptomatic de-
spite the onset of hypercalcemia at birth (Table 6). In these
cases, there is often delayed for weeks or months before
diagnosis is made coincidental to a chemistry panel
screening during the course of other illness or because of
hypercalcemia in another family member.

Severe hypercalcemia can be fatal (272,281,289,293)
although some of the infants have other potentially lethal
underlying conditions such as hepatic sarcoma. Symptoms
and signs frequently are nonspecific and include lethargy,
irritability, poor feeding with or without feeding intoler-
ance, constipation, polyuria, dehydration, and failure to
thrive. Hypertension associated with hypercalcemia in
adults also may occur in infants, although it may be in
part related to relative fluid overload in infants who re-
quire extracorporeal membrane oxygen (ECMO) therapy.
Ectopic deposition of a solid phase of calcium and phos-
phate in walls of blood vessels, and in connective tissue
about the joints, gastric mucosa, renal parenchyma, and
cornea may occur with persistent hypercalcemia, espe-
cially when accompanied by normal or elevated levels of
serum P. Anatomical anomalies (e.g., elfin facies, evidence
of congenital heart disease, subcutaneous fat necrosis)
may be present on physical examination.

C. Treatment

Therapy depends on the extent of elevation of serum Ca
and whether the infant is symptomatic (Table 7). For
mildly elevated serum tCa (<12 mg/dl) in the presence of
iatrogenic cause (e.g., phosphate free parenteral nutrition
or the use of Ca supplement without any dietary phos-
phate intake), resolution of the underlying cause should
resolve the problem. Dietary P deficiency induced hyper-
calcemia is becoming less common with the increasing
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Table 6 Diagnostic Work-Up for Neonatal Hypercalcemia

History
Familial or maternal disturbances in calcium (Ca) or

phosphorus (P) metabolism
Gestational age, difficult labor, ECMO, and pre-ECMO

therapy
Intake of calcium, phosphorus, vitamins D and A:

mother and infant
Physical Examination

General examination with focus on growth parameters,
hydration status, heart rate, blood pressure, cornea
for band keratopathy (rare)

Associated features (e.g., subcutaneous fat necrosis, elfin
facies, congenital heart disease, developmental de-
lay)

Investigations
Serum total and ionized Ca, magnesium, P, creatinine

(Cr), total protein and albumin, alkaline phosphatase
(total and bone specific), simultaneous so-called in-
tact or whole parathyroid hormone (PTH), 25 hy-
droxyvitamin D and 1,25 dihydroxyvitamin D

Acid–base status
Urine Ca, P, Cr, amino acids
X-ray of chest, hands, and long bones
Ultrasound of kidneys and abdomen, ophthalmological

examination, eletrocardiogram (shortened QT inter-
val, bradycardia) for complications

Other tests if above do not yield diagnosis
Parental (both parents) serum and urine Ca, P, Cr
Serum PTH-related protein
Screen for occult tumor
Serum vitamin A
Molecular studies
Family screening depends on the primary diagnosis

use of commercial fortifier for human-milk-fed preterm
infants, and the use of high Ca- and high P-containing
infant formula and parenteral nutrition for the preterm in-
fant. In patients with low serum P concentrations, large
amounts of phosphate supplement may result in diarrhea
and hypocalcemia and the possibility of metastatic calci-
fication (306).

With moderate to severe hypercalcemia, the initial
treatment is nonspecific with expansion of extracellular
fluid compartment and furosemide-induced diuresis (307).
Minimal information is available on the use of hormonal
and other drug therapy for neonatal hypercalcemia. Non-
mammalian sources of CT (e.g., salmon CT) has a greater
hypocalcemic effect and longer duration of action com-
pared with recombinant human CT. However, salmon CT
has greater potential for allergic reaction and induction of
antibody formation. The hypocalcemic effect decreases af-
ter a few days of any CT treatment. Steroid-induced hy-
pertension, hyperglycemia, and gastrointestinal hemor-

rhage are significant problems (308), and thus are not
recommended for long-term therapy. Bisphosphonates,
oral etidronate (25 mg twice daily), and intravenous
pamidronate (0.5 mg/kg) have been used for treatment of
hypercalcemia in the mother and neonate (291,309). How-
ever, long-term effects on growth plate, bone production,
and mineralization remain unknown (310), and its use
should be restricted to acute short-term therapy. Dialysis
in the neonate is not without technical or metabolic com-
plications. In rare cases, parathyroidectomy may be nec-
essary, although it is not always effective.

Treatment for chronic conditions also includes restric-
tion of dietary intake of vitamin D and Ca and minimizing
exposure to sunlight to decrease endogenous vitamin D
production. A low-Ca, low-vitamin D3, low-iron infant
formula is available for the management of hypercalcemia
in infants (Calcilo XD, Abbott Laboratories, Columbus,
OH). This formula contains only trace amounts of Ca <10
mg/100 kcal) and no vitamin D. Long-term use of this
formula alone will lead to calcium depletion; iatrogenic
vitamin D deficiency is also a concern in this situation,
and both can result in deleterious consequences.

Neonatal hypercalcemia may not develop until some
weeks after the onset of the insult and may resolve spon-
taneously as in subcutaneous necrosis. Therefore, serum
Ca should be monitored at regular intervals in certain sit-
uations to determine the onset of hypercalcemia and to
determine the need to continue treatment. Family screen-
ing for hypercalcemia should be done unless a specific
nonfamilial cause for hypercalcemia is established in the
index case.

VII. HYPOPHOSPHATEMIA

An infant can be considered to be hypophosphatemic
when serum P concentration is <1.3 mmol/l (conversion,
1 mmol/l = 3.1 mg/dl).

A. Pathophysiology

Hypophosphatemia usually has a nutritional basis and oc-
curs most frequently in infants receiving low P intake
from parenteral nutrition (45,46) and in preterm infants
fed unfortified human milk (43,44,311; Table 8). Hypo-
phosphatemia occurs with administration of glucose, and
it may be accentuated during starvation (312,313). The
so-called refeeding syndrome from overzealous increase
in the delivery of nutrients, particularly calories, can be
associated with multiple electrolyte abnormalities, includ-
ing hypophosphatemia, hypokalemia, hypomagnesemia,
and hypocalcemia, and life-threatening complications
(313–316). Glucose and P moved from extracellular to
intracellular compartments to meet the metabolic needs
leads to lowering of serum P. This decreases renal phos-
phate load and secondarily decreases urinary phosphate
excretion. Insulin facilitates these processes (317). Re-
spiratory alkalosis, liver disease, and hypokalemia also
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Table 7 Management of Neonatal Hypercalcemia

Acute
Remove causative factor, if possible (e.g., discontinue vitamin D and Ca supplement).
Intravenous normal saline (20 ml/kg) and loop diuretic (furosemide 2 mg/kg). Reassess and repeat every 4–6 h as neces-

sary. Monitor fluid balance and serum calcium, magnesium, sodium, potassium, phosphorus, and osmolality every 6–12
h. Prolonged diuresis may require Mg and potassium replacement.

Use lower Ca content milk or parenteral nutrition if possible to maintain nutrition.
In neonates with low serum P (<1.3 mmol/l; 4 mg/dl), oral phosphate supplement at 0.5–1 mmol (15–30 mg) elemental P/

kg/day in four divided doses may normalize serum P and Ca. In infants not being fed, can use parenteral nutrition
containing usual amount of phosphate (1–1.5 mmol (31–46 mg)/100 ml).

Minimal data on the use of hormone (e.g., subcutaneous or intramuscular recombinant human calcitonin [4–8 IU/kg every
6 h], �/� oral glucorticoid [prednisone 0.5–1 mg/kg/d]. Other drugs (e.g., bisphonates [pamidronate 0.5 mg/kg intrave-
nously] are experimental.

Peritoneal or hemodialysis with a low-calcium dialysate may be considered in severely symptomatic patient refractory to
medical therapy.

Parathyroidectomy may be needed when clinically stabilized.
Maintenance

Depends on underlying cause.
Additional general therapy may be needed: low-Ca, no-vitamin-D infant formula (Calcilo XD, Abbott Laboratories, Co-

lumbus, OH); minimal sunlight exposure to lower endogenous synthesis of vitamin D.
Follow-up

Resolution of acute and residual effects from hypercalcemia and underlying disorder.
Frequency of clinical and laboratory monitoring depends on underlying disorder (e.g., in extensive subcutaneous fat necro-

sis, regular serum calcium is needed to monitor for the later onset and the need to continue treatment).
Family screening and genetic counseling as appropriate.

Complications
Acute: fluid electrolyte imbalance.
Chronic: failure to thrive, nephrocalcinosis, hypocalcemia and bone demineralization from excessive limitation of Ca and

vitamin D intake, and those associated with underlying disorders.

may contribute to so-called shift hypophosphatemia. In
infants receiving parenteral nutrition, hypophosphatemia
is exaggerated if there is an associated rapid increase in
delivery of carbohydrates (glucose), probably the result of
transcellular shift of P in addition to a relative or absolute
deficiency in P intake.

Hypophosphatemia from decreased intestinal P ab-
sorption can be an early manifestation of vitamin D de-
ficiency (318,319). In theory, any severe and prolonged
malabsorption syndrome may be associated with hypo-
phosphatemia. Excessive nutrient intake, including so-
dium, glucose, amino acids, particularly if they are deliv-
ered intravenously, may exceed the renal reabsorptive
capacity or lead to extracellular fluid compartment expan-
sion. Both can result in increased renal loss of water and
the infused nutrients including P, since renal excretory
mechanisms for most nutrients (including P and water) are
interdependent and are generally affected by sodium-de-
pendent cotransport systems. Thus, increase in renal ex-
cretion of any of these nutrients potentially can increase
the renal P excretion (69).

Nonnutritional causes of neonatal hypophosphatemia
are much less frequent than nutritional causes. In the latter
situations, the primary mechanism for hypophosphatemia

is probably decreased renal P reabsorption, which may or
may not be secondary to elevated PTH.

B. Diagnosis

Serum P is usually normal at birth (Table 9). Hypophos-
phatemia may occur within days of birth or from the onset
of the causative factor such as the use of phosphate-free
parenteral nutrition. Acute hypophosphatemia in neonates
is usually asymptomatic and may be diagnosed from rou-
tine screening because of a family history of disturbances
in mineral metabolism. Hypophosphatemia may be an
early manifestation of P deficiency. Chronic hypophos-
phatemia is indicative of P deficiency and may have mul-
tiple clinical consequences affecting hematological, im-
munological, cardiorespiratory, neuromuscular, skeletal,
and peripheral and central nervous systems (320). These
include impairment of oxygen release from hemoglobin,
neutrophil dysfunction, muscle weakness and respiratory
failure, and skeletal demineralization and deformity. Clin-
ical signs such as muscle weakness attributed to hypo-
phosphatemia are usually noted when the serum P con-
centration is <0.7 mmol/l (2.2 mg/dl). However, many of
the clinical signs of P deficiency are masked by the un-
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Table 8 Pathophysiology of Neonatal Hypophosphatemia

Nutritional
Low phosphate intake

Low- or no-phosphate parenteral nutrition
Human milk or standard milk formula for preterm in-

fants
Transcellular shift: Refeeding syndrome
Low phosphorus absorption

Vitamin D deficiency
Malabsorption

Elevated renal phosphorus loss
Vitamin D deficiency with secondary hyperparathy-

roidism
Excessive nutrient intake: sodium, glucose, amino

acids
Nonnutritional

Hyperparathyroidism
X-linked hypophosphatemic rickets
Fanconi’s syndrome (idiopathic or secondary to inborn

errors of metabolism such as cystinosis and tyrosi-
nosis)

Chronic diuretic therapy

Table 9 Diagnostic Work-Up for Neonatal
Hypophosphatemia

History
Family history of mineral metabolism disorders
Gestational age
Dietary history
Chronic diuretic therapy

Physical examination
General examination with focus on growth parameters,

muscle tone, and skeletal abnormalities
Associated features (e.g., inborn errors of metabolism)

Investigations
Serum phosphorus, total and ionized calcium, magne-

sium, glucose, creatinine, alkaline phosphatase
Urine phosphorus, glucose, calcium, creatinine
Other tests if above do not yield diagnosis

Serum intact or whole parathyroid hormone, 25 hy-
droxyvitamin D, 1,25 dihydroxyvitamin D, amino
acid

Urine amino acids
X-rays of hands and long bones (rachitic and hyper-

parathyroid changes)

derlying illness or by the therapy administered to the in-
fant; for example, bronchopulmonary dysplasia and hy-
pophosphatemia may occur simultaneously, and it may be
difficult to differentiate the relative contribution of each
to the respiratory failure in an affected infant. Multiple
blood transfusion may mask the effect of decreased oxy-

gen delivery associated with hypophosphatemia. More
dramatic skeletal manifestations of prolonged and severe
hypophosphatemia, such as rickets and osteomalacia, usu-
ally are not present until after the neonatal period (38,
47,231,319,321–325). Infants with X-linked hypophos-
phatemic vitamin-D-resistant rickets (HDDR), a domi-
nantly inherited disorder of renal P wasting, usually do
not have hypophosphatemia at birth. However, serial mon-
itoring of infants in these families show hypophospha-
temia, decreased percentage renal tubular reabsorption of
P (100% � P clearance/creatinine clearance), increased
bone turnover as indicated by increased serum alkaline
phosphatase and increased urinary hydroxyproline, occur
in affected infants as early as 3 weeks after birth (325)
and in most affected infants by 3 months (324,325). Onset
of growth delay and radiographic rachitic changes depend
on the success of therapy and may occur during infancy.
In other situations, such as neonatal primary hyperpara-
thyroidism and Fanconi’s syndrome, the presenting symp-
toms and signs may be unrelated to hypophosphatemia.

In most cases of neonatal hypophosphatemia, the di-
agnosis can be made with a careful review of the history
and results of a few laboratory investigations. Severe hy-
pophosphatemia (serum P < 0.7 mmol/l) can result from
nutritional causes and is typically associated with hyper-
calcemia, almost total absence of P in the urine and urine
Ca may be elevated (i.e., renal tubules that are resistant
to the PTH effects) (43).

C. Treatment

Nutritional hypophosphatemia may be treated with P sup-
plementation at 0.5–1.5 mmol/kg elemental P per day.
Calcium supplementation (see Sec. V.C) is useful because
it may minimize the fall in serum Ca concentration during
P treatment, and it would alleviate Ca deficiency, which
also occurs frequently in these infants (47). However, the
best means to deliver the appropriate amount of P and Ca
is by providing a balanced intake of all nutrients with
high-P and high-Ca milk or parenteral nutrition (47). Stan-
dard vitamin D supplementation of 400 IU/day is adequate
therapy for vitamin-D-deficient rickets in infancy (319).
Therapy of nonnutritional hypophosphatemia varies with
underlying disorder. For example, early administration of
1,25(OH)2D at 30–40 ng/kg/day and phosphate at 40–50
mg/kg/day in addition to adequate general nutritional in-
take can improve mineral metabolism and may be useful
to obviate severe growth delay and leg deformities (324,
325).

VIII. HYPERPHOSPHATEMIA

An infant can be considered to be hyperphosphatemic
when the serum P concentration is >2.6 mmol/l (conver-
sion, 1 mmol/l = 3.1 mg/dl).
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Table 10 Pathogenesis of
Neonatal Hyperphosphatemia

Nutritional
High phosphate load

Cow-milk-type formula
Parenteral nutrition
Cereal
Accidental overdose

Hypervitaminosis D and A
Nonnutritional

High phosphate load from phosphate enema
Diminished phosphorus excretion

Perinatal asphyxia
Renal failure
Hypoparathyroidism
Pseudohypoparathyroidism

Table 11 Risk Factors for Osteopenia and Rickets
in Infants

Intrauterine
Severe maternal nutritional osteomalacia (i.e., Ca and vi-

tamin D deficiency)
Maternal hypoparathyroidism and hyperparathyroidism
Prolonged maternal magnesium or phosphate treatment

Postnatal
Nutritional

Prolonged exclusive human milk feeding
Macrobiotic diet
Soy formula or unfortified human milk for small pre-

term infants
Prolonged total parenteral nutrition with low Ca and/or

low P
Chronic loop diuretic therapy given to preterm infants
Aluminum contamination (?)

Inherited defects
Renal tubular disorder
Vitamin D or parathyroid hormone metabolism disorders

Source: From Ref. 347.

A. Pathophysiology

Nutritional causes usually occur with the infusion of ex-
cessive P content (45) or alternating delivery of Ca and P
in parenteral nutrition solution (264). Ingestion of cows’
milk-type formulas (42; Table 10) and early introduction
of high-P-containing cereals (205) may lead to neonatal
hyperphosphatemia. Accidental overdose of oral phos-
phate supplement can be fatal (208). Vitamin D (291) and
vitamin A (298) toxicity may result in hyperphosphatemia,
in addition to hypercalcemia, from increased bone turn-
over. Nonnutritional causes include an excess phosphate
load from the use of P-containing enemas (206,207).
Other causes are usually associated with diminished P ex-
cretion. Neonates with asphyxia may have increased re-
lease of intracellular P to the extracellular compartment in
addition to a low renal glomerular filtration. Decreased P
excretion and hyperphosphatemia in the neonate can result
from intrinsic renal failure, such as congenitally dysplastic
kidneys, and from absent or nonfunctional PTH, such as
hypoparathyroid and pseudohypoparathyroid states.

B. Diagnosis

History and physical examination consistent with clinical
situations (Table 10) are useful for the diagnosis. Clinical
features associated with underlying disorder such as Al-
bright’s hereditary osteodystrophy may be present. Serum
P is usually normal at birth even in neonates with intrinsic
renal failure or PTH disorders and increases during the
first few days. There is usually concurrent hypocalcemia.
Hyperphosphatemia, and hypocalcemia, may occur within
hours after a phosphate load (208). Hyperphosphatemia
may be asymptomatic, or it may be manifested because
of its associated hypocalcemia effects (see Sec. V).

C. Treatment

Removal of excessive P load if possible, for example
eliminating or minimizing the P load with the use of so-

called humanized formulas with low P content and a high
Ca/P ratio of about 2:1, and temporarily discontinuing the
use of cereals. A brief period of Ca supplementation is
necessary if there is associated hypocalcemia.

Nonspecific lowering of serum P for the acute man-
agement of hyperphosphatemia may be achieved with nor-
mal saline infusion and forced natriuresis as for hyper-
calcemia (see Sec. VI). The use of Ca or aluminum salts
as chelating agent for intestinal phosphate in the presence
of hyperphosphatemia may predispose to metastatic cal-
cification with the former (306) and potential for alumi-
num toxicity (254) and are not recommended.

For conditions that cause long term hyperphospha-
temia, the treatment is aimed at the underlying cause.

IX. SKELETAL MANIFESTATIONS OF
DISTURBED MINERAL HOMEOSTASIS

A. Pathophysiology

True fetal or congenital rickets is rare (Table 11). It may
result from severe maternal nutritional osteomalacia as-
sociated with Ca and vitamin D deficiency (326–328),
maternal hypoparathyroidism (203) or hyperparathyroid-
ism (202), or prolonged maternal treatment with Mg sul-
fate (329) or phosphate-containing enemas (330).

The most frequent cause of skeletal abnormalities in
infancy is nutritional deficiency. In the Western world,
rickets and osteopenia presenting during infancy occur
most frequently in small preterm infants and may occur
in more than 30% of extremely low-birth-weight (<1 kg)
infants. The rate of occurrence depends on the nutrient
intake and is associated most frequently with prolonged
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intake of soy formula, unfortified human milk, and/or
low-Ca and low-P parenteral nutrition (47). In infants born
at term, prolonged exclusive human milk feeding with
limited exposure to sunshine, macrobiotic diet, and pro-
longed total parenteral nutrition are factors that contribute
to the development of osteopenia and rickets (38,
319,321–323). The common underlying causes in pre-
term infants appear to be mineral deficiency, particularly
Ca and P, whereas in term infants Ca deficiency is also
important. Preterm infants fed unfortified human milk or
term infants fed standard milk formula often have low
serum 25OHD concentrations. The major reason for the
low serum 25OHD in these situations is the increased me-
tabolism of 25OHD with mineral deficiency, in particular,
Ca deficiency (see Sec. III.C). Ca and P deficiency was
demonstrated as the major cause of osteopenia and rickets
in preterm infants over 2 decades ago (331). This has been
confirmed by many investigators (47) and the use of high-
Ca and high-P milk and parenteral intake with a daily
supplementation of 400–800 IU vitamin D is sufficient to
maintain serum 25OHD in the normal range (177,
331,332). Unfortunately, vitamin D deficiency sec-
ondary to inadequate mineral deficiency is still frequently
misdiagnosed as the primary cause of osteopenia, fracture,
and rickets in preterm infants and treated with more vi-
tamin D supplement without improving the mineral and
general nutritional support. Calcium deficiency also is an
important cause of rickets in young children living in sub-
tropical regions with adequate vitamin D status (38). Iso-
lated nutritional deficiency of copper and ascorbic acid
has been reported in preterm infants with clinical and ra-
diographic manifestations similar to rickets (47). Chronic
diuretic therapy, commonly used in infants with broncho-
pulmonary dysplasia, and contamination of nutrients with
toxins such as aluminum are added risk factors (246,323).
The extent, however, to which each specific risk factor is
responsible for the development of osteopenia, fractures,
and rickets is difficult to define in critically ill infants
receiving multiple therapies and suboptimal nutritional
support.

Acquired and heritable forms of rickets that occur
despite adequate availability of vitamin D usually are as-
sociated with renal tubular disorders and metabolic defects
in vitamin D and PTH metabolism (202,203,231,324,
325). These causes of rickets are rare, and their skeletal
manifestations may present during infancy.

B. Diagnosis

History of significant nutritional defect in the mother ei-
ther from self-selected dietary restriction or cultural habits
(e.g., extensive covering of the body with lack of sunlight
exposure), or family history of metabolic disorders and
disturbed bone mineral metabolism should raise the
awareness of the potential for nutritional and skeletal
problems in both the mother and infant.

Infants with congenital rickets may be asymptomatic
at birth leading to a delay in diagnosis unless investiga-

tions are performed as part of the work-up for distur-
bances in maternal mineral metabolism. Most postnatal
cases of rickets and osteopenia are diagnosed incidentally
during the radiographic investigation of skeletal compli-
cations such as fractures or nonskeletal problems such as
respiratory illness. Radiographic features such as gener-
alized bone demineralization and widening, cupping, and
fraying of the distal metaphyses confirm presence of os-
teopenia and rickets (332–334).

Classic clinical features of rickets such as severe skel-
etal deformities, including kyphoscoliosis and bowing of
the legs, may not be present if the diagnosis is made early
in infancy, before significant growth and weight-bearing
have occurred. This is particularly true for the preterm
infant whose skeletal problem typically is diagnosed be-
tween 2 and 6 months postnatally. With the current prac-
tice of early discharge of preterm infants from neonatal
units, it is possible that some nutritional rickets could be
diagnosed after hospital discharge. If there are associated
fractures, it may be misdiagnosed as child abuse. Clinical
hypotonia is probably due to a decrease in intracellular
phosphate pool of skeletal muscle (335).

Serial biochemical changes commonly include per-
sistently low serum inorganic phosphate, elevated serum
alkaline phosphatase activity more than five times the nor-
mal adult upper limit, and other bone turnover markers in
serum and urine also can be elevated. Serum Ca is usually
normal except in late severe nutritional rickets. Vitamin
D deficiency as indicated by low or undetectable serum
25 OHD is possible; and is usually secondary to mineral
deficiency in a small preterm infant. There may be ele-
vated serum 1,25(OH)2D and IPTH with Ca, P, and vi-
tamin D deficiency. The elevated PTH and 1,25(OH)2D
still may be relatively insufficient to maintain Ca and P
homeostasis if the Ca and P intake remain low. Urine
changes may reflect increased serum IPTH with increased
urine P excretion and Ca conservation. However, in
chronic mineral deficiency, particular of P, urine findings
may reflect changes of PTH resistance, in which case
urine P would be minimal while there is calcuria. Mea-
surement of specific trace mineral status may be useful if
deficiency is suspected (177,336–339). The use of dual
energy X-ray absorptiometry (DXA) allows a more ac-
curate quantification of the degree of bone mineralization
(340). Additional investigations are needed if inherited re-
nal tubular disorders and for disorders of vitamin D and
PTH metabolism are suspected.

C. Prevention and Treatment

Rickets and fractures from nutritional deficiencies respond
well to adequate nutrient intake. The best treatment for
nutritional osteopenia, fractures and rickets is prevention.
For preterm infants, these skeletal problems appear to
have become less frequent with increased Ca and P intake
through the widespread use of high-Ca and high-P par-
enteral nutrition until establishment of enteral feeding
with human milk containing commercial fortifier or for-
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mulas designed specifically for preterm infants (47). Hu-
man milk is likely to be low in a number of nutrients
including protein, sodium, calcium, P, and possibly other
nutrients for the needs of the very small preterm infant
(43,47,311,341,342). All very small preterm infants, par-
ticularly those with birth weights less than 1500 g should
receive commercial fortifier containing multiple nutrients
during their hospital stay and probably after hospital dis-
charge.

With established osteopenia with or without fractures
or rickets, the use of Ca and P supplementation alone is
inappropriate since bone growth requires protein and mul-
tiple other nutrients for matrix formation and mineraliza-
tion. In addition, further large increases in Ca and P intake
beyond the current recommended intake is probably not
advisable because of the risks of bezoar and even intes-
tinal obstruction with excessive oral intake (47), and hy-
perphosphatemia with intravenous intake (45). In preterm
infants, most fractures show significant callus formation
at diagnosis and only require splinting support (343).
Short-term analgesia is needed if the fracture is recent and
without callus formation. The ingestion of the recom-
mended daily amount of Ca and P should be adequate for
otherwise healthy term infants (344,345).

Normal vitamin D status can be maintained in enter-
ally fed healthy term infants without vitamin D supple-
mentation provided adequate sunlight exposure is assured
(173–175). In any case, a daily supplementation of 400
IU vitamin D should be adequate (175,176). Enterally fed
preterm infants given high Ca- high P- and vitamin-D-
fortified preterm infant formula or human milk with sim-
ilar fortification from commercial human milk fortifiers
probably do not require vitamin D supplementation. In
any case, a daily supplementation of 400–800 IU vitamin
D should be adequate (177,331,332). For infants who re-
quire parenteral nutrition as the major source of nutritional
support, a maximum total daily intake of 400 IU vitamin
D is sufficient to maintain vitamin D status regardless of
the gestational age of the infant (45,46). For infants with
established nutritional vitamin D deficiency, a daily sup-
plementation of 400 IU vitamin D in addition to adequate
overall nutritional support is also adequate (319).

Specific therapies are required for inherited renal tu-
bular disorders and for disorders of vitamin D and PTH
metabolism and usually include one or more of the fol-
lowing: calcium, phosphate, and 1,25(OH)2D.

D. Monitoring and Follow-Up

The goal is for affected infants to grow normally without
residual defect. Regular clinical assessment and growth
measurements are essential. Short-term follow-up of in-
fants with nutritional rickets including preterm infants
show no major residual physical deformity (319,343).
Skeletal maturation as assessed by ossification centers of
the wrists for preterm infants is similar to term infants at
1 year of age (343). However, long-term linear growth in
the extremely low-birth-weight infants may remain de-

layed (346), indicating that bone mineral status in the
smallest preterm infants still may be suboptimal despite
the relatively uncommon occurrence of radiographic rick-
ets and fractures on follow-up. Screening for other af-
fected family members and molecular studies may be war-
ranted in heritable conditions.

Biochemical monitoring of nutritional rickets in-
cludes maintaining normal serum Ca, P, and alkaline phos-
phatase levels, while avoiding hypercalciuria (<0.15
mmol, 6 mg Ca/kg/day) every 1–2 weeks until normal-
ized. Measurement of bone turnover markers, IPTH, vi-
tamin D metabolites such as 25OHD and 1,25(OH)2D,
and any other abnormal biochemical parameter, every 1–
2 months until normalized. Standard skeletal radiographs
every 2–4 months to check for healing and remodeling.
Serial measurements of bone mineral content by DXA
every 2–4 months also may be useful to monitor the pro-
gress of bone mineralization during long-term follow-up.
Other specific monitoring would depend on the underlying
cause.
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I. INTRODUCTION

Metabolic bone diseases in childhood can be broadly clas-
sified into diseases that result from metabolic defects in-
trinsic to the skeletal system and those that result from an
abnormal milieu in which the skeleton is developing. Re-
cent years have seen an explosion of knowledge regarding
both types of metabolic bone disease. In the first section
I review rickets and rickets-like conditions, which are
generally disorders in which bone is affected by an ab-
normal extraskeletal milieu.

II. RICKETS

The recognition of rickets as a deforming bone disease of
childhood is centuries old. Early in the 20th century,
Huldschinsky (1) in Vienna made the critical observation
that artificial sunlight could cure and prevent rickets, and
Mellanby, working in England, showed that a lipid-solu-
ble substance made in the skin or ingested in the diet was
necessary to prevent rickets (2). This substance was clas-
sified among the essential food factors and called vitamin
D, although it differs from true vitamins in that mammals,
including humans, can synthesize it in vivo. The last 30
years have seen the recognition that vitamin D needs to
be activated, via hepatic and renal hydroxylations, to 1,25
dihydroxyvitamin D (calcitriol) and that the latter is a hor-
mone the production of which is sensitive to hormonal,
metabolic, and nutritional regulation. Calcitriol is a sterol
derived from cholesterol with considerable structural ho-
mology to the adrenal and gonadal steroids. Its principal
actions are mediated by the binding of calcitriol to a spe-
cific intracellular receptor of the steroid/thyroid/retinoic
acid class, followed by interaction of the hormone–recep-
tor complex with the nucleus, where it acts to regulate the
transcription of certain specific genes.

In the mid-20th century, Winters in North Carolina
and Prader in Zurich described forms of rickets that did

not respond to standard replacement therapy with vitamin
D. Winter’s discovery eventually led to an appreciation of
the role of non-vitamin-D-dependent mineral (particularly
phosphate) metabolism in skeletal development. The ob-
servation by Prader opened a field of inquiry that would
eventually link the pathophysiology of vitamin D metab-
olism and calcitriol–receptor interactions to skeletal dis-
orders in childhood. This section reviews the morpholog-
ical manifestations of rickets and the associated skeletal
histopathology. The specific clinical and biochemical fea-
tures of rickets as a result of disorders of nutrition, vitamin
D metabolism, and calcitriol–receptor interaction are then
reviewed. Next, I review the skeletal effects of phosphate
depletion, particularly renal phosphate wasting. Finally,
rickets and rickets-like conditions caused by renal failure
and less common nutritional, metabolic, and genetic dis-
orders are reviewed.

A. Nomenclature

Rickets can be caused by a number of distinct abnormal-
ities of vitamin D intake and metabolism and of mineral
homeostasis. As the underlying causes of the varieties of
rickets are discovered, more rational names can be applied
to individual rachitic syndromes. The terms vitamin-D-
resistant rickets and renal rickets are no longer used be-
cause they may be applied to a number of conditions that
do not resolve with administration of nutritionally ade-
quate dosages of vitamin D or that are attributable to a
variety of defects in renal function, respectively. The
names of the various kinds of rickets given in this chapter
have been selected as the most unambiguous and infor-
mative with regard to cause.

B. Definition

Rickets is a bone disease of childhood resulting from
the undermineralization of the cartilaginous epiphyseal



518 Gertner

Figure 1 Widening of the epiphyses indicates rickets, and the bending of the lower femoral shafts demonstrates the accom-
panying osteomalacia in a 5-year-old boy with Fanconi syndrome as a result of cystinosis.

growth plate. Rickets is confined to children because the
growth plate exists only when the skeleton is growing.
Widening and flaring of the epiphysis are seen with all
forms.

C. Structural and Clinical Pathology

Softening of the skull (craniotabes) leading to permanent
frontal bossing occurs when the onset is in infancy. The
ribs (costochondral junctions), ankles, wrists, and knees
are other sites commonly affected in growing children.
Softening of the long bones is common in severe cases.
The nature of the deformity is age dependent. The arms
may be affected when used for weight-bearing in babies.
The typical lower limb deformity is genu varum when the
age of onset is under 3 or 4 years and genu valgum when
rickets starts in school-age children. These differences
may be caused by the changing relative rates of growth
at various epiphyses. (See Fig. 1.)

D. Extraskeletal Clinical Features

The structural and orthopedic features of the various types
of rickets are similar, but this is not true of the extraskel-
etal manifestations of the conditions that lead to rickets.
Hypocalcemia leading to tetany and seizures occurs in vi-
tamin D deficiency and related disorders but not in rickets
because of phosphate depletion. Many types of rickets are
associated with weakness and myopathy; others are not.
Other nonskeletal tissues are also involved in selected
forms of rickets, including the hair in calcitriol resistance
and the teeth in familial hypophosphatemia. Because of
this heterogeneity, nonskeletal manifestations are de-

scribed under the heading of each individual type of rick-
ets.

E. Nutritional Rickets

Nutritional rickets, once the scourge of poorer children in
industrial northern countries, is now largely a disease of
developing nations. However, cases occur in the United
States and other advanced industrial countries, posing a
significant challenge to preventive health services in these
countries. Although the term nutritional rickets has gen-
erally been reserved for the disease that results from a
deficiency of vitamin D, it has been recognized in recent
years that calcium deficiency, alone or in combination
with vitamin D deficiency (3), can affect large numbers
of children in at-risk populations.

F. Symptoms

Vitamin D deficiency rickets can present at any age during
childhood. In severely endemic areas, the deformities and
hypocalcemia of rickets may exist at birth (neonatal rick-
ets). When it presents at birth, the softening of the skull
(craniotabes) and the neuromuscular consequences of hy-
pocalcemia dominate the clinical picture. More typically,
it appears in toddlers aged between 1 and 2 years with a
triad of deformity, weakness, and bone pain (Fig. 2). Most
frequently, there is enlargement of the epiphyseal growth
plates at the ankles and wrists and expansion of the
growth plates at the costrochondral junctions (rachitic ro-
sary). The lower limbs may be bowed (genu varum), es-
pecially if the child is walking. Because of the proximal
muscle weakness of vitamin D deficiency and possibly



Metabolic Bone Disease 519

Figure 2 Longstanding nutritional rickets. Note the frontal
bossing, rachitic rosary of the costochondral junctions, and
deformities of the lower limbs.

Figure 3 Cupping, fraying, and widening of the epiphyses
at the wrist in a young child with nutritional rickets.

because of bone pain, a child who had been walking may
become reluctant to walk and revert to crawling or shuf-
fling. There may be tenderness on pressure over the long
bones. Growth and weight gain may be impaired either
because of a specific deficit in long-bone growth because
of vitamin D deficiency or generalized undernutrition of
which the vitamin D deficiency is only a part. Associated
hypocalcemia may lead to tetany or seizures. In popula-
tions in which calcium deficiency appears to be a common
cause of rickets the symptoms are quite similar to that
seen in vitamin D deficiency (4).

In older children the presentation of nutritional rickets
tends to be more subtle, with the gradual appearance of
genu varum up to the middle of the first decade and with
a knock-kneed or genu valgum deformity occurring in
preadolescents. In this age group, as in infants, vitamin D
deficiency may also present with hypocalcemia with little
or no physical or radiological evidence of skeletal disease.
Such children may have a hypocalcemic seizure, or they
may complain of distressing paresthesiae or tetany.

G. Radiology

The characteristic radiological changes of rickets are wid-
ening cupping, and fraying of the epiphyses (Fig. 3), to-
gether with metaphyseal distortion from osteomalacia
with malalignment of the long bones resulting from both
the epiphyseal and metaphyseal changes. The sites at
which these changes are seen vary with the age of the
patient and with the cause of the rickets. In infants the
wrists and ankles are most likely to show abnormalities,
along with the costochondral junctions. In metabolic bone
disease of prematurity rickets is often detected at chest
x-ray, not only from the costochondral junctions but also
because of abnormalities of the proximal humeral and me-
dial clavicular epiphyses. In older children the major
epiphyseal changes are more often seen at the knees and
hips. The last epiphysis to fuse at adolescence is the iliac
crest, which may therefore show rachitic changes in ma-
ture teenagers when all other epiphyses are closed. When
rickets is treated the widened epiphyses calcify, often to
a density higher than seen in the x-rays of healthy chil-
dren.
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Table 1 Biochemical Abnormalities in Various Types of Rickets

Type of rickets

Serum

Calcium Phos AlkPhos �HCO3 Calcidiol Calcitriol PTH
Urine

Calcium

Vitamin D deficiency ↓ ↓ to ↑ ↑ N ↓ ↓ to ↑ ↑ ↓
Calcium deficiency ↓ ↑ ↑ N N or ↓ ↑ ↑ ↓
Pseudodeficiency ↓ ↓ to ↑ ↑ N N ↓ ↑ ↓
Calcitriol-resistant ↓ ↓ to ↑ ↑ N N ↑ ↑ ↓
X-linked hypophosphatemia N ↓ ↑ N N N N or ↑ N
Hypercalciuric N ↓ ↑ N N ↑ ↓ ↑
Fanconi syndrome ↓ to N ↓ ↑ ↓ N ↓ N or ↑ N or ↑
Renal failure ↓ to ↑ ↑ ↑ ↓ N or ↓ ↓ ↑ ↓ to ↑

In familial hypophosphatemic rickets the upper limbs
and costochondral junctions tend to be spared and the ma-
jor impact is on the lower limbs. The fraying of the upper
tibial epiphysis is often much more marked medially than
laterally. The osteomalacic bending of long bones (Fig. 1)
is not often seen today except in longstanding disease or
in those varieties of rickets (such as calcitriol resistance)
for which there is no effective treatment.

Malalignment of the lower limbs, on the other hand,
is common. Young children tend to show a bow-legged
deformity (genu varum), but rickets of onset in an older
age group often gives rise to the opposite, knock-kneed
(genu valgum) deformity. In contrast to the epiphyseal
changes, the changes in alignment do not resolve rapidly
with treatment. They may resolve slowly, however, as re-
modeling and growth proceed over the years following
successful treatment of the rickets.

H. Biochemical Changes

Table 1 summarizes the biochemical abnormalities in var-
ious types of rickets.

The biochemical abnormalities in nutritional rickets
are a subset of those seen in rickets generally. In almost
all cases of rickets, bone turnover rates are increased and
the attempt to synthesize new osteoid is accompanied by
an elevation in serum alkaline phosphatase levels. In nu-
tritional rickets serum calcium levels are usually low, al-
though cases of significant vitamin D deficiency rickets
may have normal serum calcium, presumably as a result
of parathyroid compensation. The hyperparathyroidism
leads to phosphaturia and hypophosphatemia. Eventually
parathyroid compensation becomes inadequate and serum
calcium falls. Finally, the renal tubule may lose its sen-
sitivity to parathyroid hormone (5), with the result that
the renal tubular threshold for phosphate rises with a cor-
responding increase in serum phosphorus (6).

Vitamin D metabolite levels reflect the nutritional
deprivation. The most abundant metabolite in the plasma,
the level of which most closely reflects vitamin D nutri-
tional status, is calcidiol (25-hydroxyvitamin D).

I. Epidemiology

In vitamin D deficiency, dietary history may reveal pro-
longed breastfeeding, a failure to take prescribed vitamin
supplements, or, in countries where milk is fortified with
vitamin D, an aversion to or intolerance for milk. Disor-
ders of the alimentary tract may also contribute to nutri-
tional rickets, most notably gluten sensitive enteropathy
(7), biliary atresia (8), and surgical short gut syndromes
(9). Darkly pigmented skin may play a part in reducing
the proportion of incident ultraviolet radiation capable of
catalyzing the first step in vitamin D formation. However,
the nutritional and socioeconomic deprivation conducive
to the development of rickets occurs in all human groups.

In contrast to vitamin D deficiency, often associated
with prolonged nursing, calcium-deficiency rickets is as-
sociated with early discontinuation of breastfeeding and
the consumption of diets low in calcium and that may
contain inhibitors of calcium absorption (10).

Anticonvulsant rickets is a special case of vitamin-D-
deficiency rickets. Patients taking phenobarbital and phe-
nytoin were noted over 30 years ago to have an increased
incidence of raised alkaline phosphatase and an increased
risk of rickets (11). Subsequent work has shown that
phenytoin may be responsible for a variety of relatively
mild disturbances of calcium and bone mineral metabo-
lism. These are not necessarily related to vitamin D. Phe-
nobarbital, however, by inducing enzymes that catalyze
the hepatic conjugation of vitamin D metabolites, can in-
crease the rate of loss of vitamin D from the body, giving
rise to vitamin D deficiency in subjects with marginal
states of vitamin D nutrition

III. DISORDERS OF VITAMIN D
METABOLISM

As noted, vitamin D is activated by two hydroxylation
steps catalyzed by the hepatic microsomal cytochrome
P450 enzyme, vitamin D 25-hydroxylase, and the renal
mitochondrial cytochrome P450, 25-hydroxyvitamin D
1�-hydroxylase, respectively. Defective activation can oc-
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cur if sufficient enzyme-bearing tissue is not available, if
enzyme activity is inhibited by the hormonal and ionic
milieu, and when genetic disease has reduced or destroyed
enzyme activity. In practice, much redundancy exists in
the availability of enzyme for the 25-hydroxylation of vi-
tamin D, so that hepatic cirrhosis is not accompanied by
a deficiency of calcidiol unless associated biliary obstruc-
tion leads to fat malabsorption causing substrate (vitamin
D) deficiency. Despite suggestive cases in one family (12),
no genetic syndrome caused by a deficiency of vitamin D
25-hydroxylase has been well characterized to date.

The formation of calcitriol in the kidney is tightly
regulated and can be pathologically inhibited by a lack of
renal tissue or by an excessive extracellular fluid concen-
tration of inorganic phosphate. These conditions prevail
in renal failure, which is discussed later. In rare cases,
however, the 1�-hydroxylation of calcidiol may be defec-
tive in the absence of any other renal dysfunction.

A. Calciferol Deficiency Rickets
(Vitamin D Dependency Type 1, or
Pseudodeficiency Rickets)

In 1961, Prader and colleagues (13) described an auto-
somal recessively inherited form of persistent infantile
rickets they named pseudodeficiency rickets. The name
arises from the close resemblance of the disease to vitamin
D deficiency, the major clinical differences lying in the
early onset and severity of the rickets and the failure to
respond to replacement dosages of vitamin D. A few years
later, Fraser, Scriver, and colleagues noted that pseudo-
deficiency rickets, also called vitamin D dependency rick-
ets, could be treated with low dosages of calcitriol. The
condition thus became the first inborn error of vitamin D
deficiency to be recognized as such (14). The concept of
an abnormality of 1-� hydroxylation was supported when
radioreceptor assays for vitamin D metabolites showed
patients with pseudodeficiency rickets to have normal lev-
els of calcidiol and very low levels of calcitriol. The as-
sumption that the disease was caused by a mutation of the
gene for the 1-� hydroxylase was confirmed after chro-
mosomal mapping of the trait to 12q 1314, cloning of the
1-� hydroxylase gene and sequencing of that gene in af-
fected individuals (15).

Undiagnosed or untreated vitamin D dependency type
I can lead to severe deformity, accompanied by hypocal-
cemia and weakness. However, the disease is readily ame-
nable to treatment with physiological replacement dosages
of calcitriol (0.5–2.0 �g/day).

B. Vitamin D Dependency Type II: Calcitriol
Resistance (Vitamin-D-Dependent
Rickets Type II)

In 1978, two groups independently described patients who
appeared to have vitamin D dependency type I but in
whom circulating levels of calcitriol were very high. The

patients of Marx et al. (16) were siblings with severe hy-
pocalcemic rickets who responded to treatment with high
dosages of vitamin D2 or of calcitriol. Three families were
described independently 2 years later (from Israel, the
United States, and Japan) in which this type of rickets
was associated with severe alopecia. The inheritance pat-
tern of the disease and the high frequency of consanguin-
ity in affected kindreds strongly suggest recessive inher-
itance. The biochemical features resemble those of
calcitriol deficiency except that calcitriol levels are high.
The patient’s condition resists the administration of cal-
citriol, although some patients respond to dosages as high
as 12.5–20 �g/day. The successful use of parenteral and
oral calcium to treat this condition (17) is of practical
importance because resistance to vitamin D metabolites
may be nearly complete in affected patients, offering no
other chance for normal bone development. The finding
is also of theoretical importance because it implies that
the major contribution of calcitriol to skeletal minerali-
zation is the provision of ionized calcium to the extracel-
lular milieu rather than a direct action of calcitriol on bone
cells.

The pathogenetic mechanism underlying vitamin D
dependency type II is resistance to calcitriol, which has
been demonstrated at the subcellular level. The calcitriol
receptor may fail to bind hormone because of a mutation
at the hormone-binding site (18). Receptor binding may
also be normal but hormone action is prevented by im-
paired interaction of the hormone–receptor complex with
the nucleus because of mutations of the DNA-binding so-
called zinc fingers (19). In other cases of clear calcitriol
resistance, mutations are apparently absent from both the
hormone and the DNA-binding regions (20). It is of in-
terest that alopecia accompanies cases of calcitriol resis-
tance of various genetic causes, indicating that normal hair
growth may have a direct requirement for functional cal-
citriol receptors.

IV. DISORDERS OF PHOSPHATE
HOMEOSTASIS

Table 2 shows the classification of hypophosphatemic
rickets.

A. Physiology

Phosphorus exists in the body largely as phosphate ion
bound to organic molecules to form organophosphates. In
the serum, about two-thirds of circulating phosphate forms
part of such organic molecules bound to protein, but one-
third is unbound and is measured after separation from
the bound form as so-called inorganic phosphate (Pi).
Concentrations of phosphate in the serum are given in
molar units or in mass units, which refer to the quantity
of elemental phosphorus within molecules of inorganic
phosphate.
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Table 2 Classification of Hypophosphatemic Rickets

Class of rickets MIM no. Inheritance Comments

Isolated phosphaturia, low urine
calcium

Familial hypophosphaternic rickets 307800 X-linked dominant Relatively common
Autosomal hypophosphaternic rickets 241520 Autosomal recessive Very rare, phenotypically identical to 307800
Tumor rickets — Not familial
McCune-Albright syndrome 174800 Not familial Activation of receptor G proteins
High urine calcium: HHRH 241530 Autosomal recessive Mild cases may have nephrolithiasis only
Fanconi syndrome: proximal tubular

failure
Cystinosis 219800 Autosomal recessive Lysosomal cystine storage; progressive uremia
Dent’s disease 310468 X-linked May be a variant of ‘‘X-linked nephropathy’’

The systems that control phosphate homeostasis tend
to regulate total body phosphate content rather than, as in
the case of calcium, absolute ionic concentration in the
extracellular fluid. This difference accords with the dif-
ferent extracellular roles of calcium and phosphate. Tight
control of extracellular Ca2� is essential for the correct
function of calcium-dependent cellular activation pro-
cesses. In contrast, the function of extraskeletal phosphate
is mostly as intracellular organophosphates providing in-
termediaries in energy metabolism, signaling systems, and
the genetic code. In accord with these observations is that
no well-characterized hormonal system operates primarily
to regulate serum phosphate concentration. Instead it is
total body phosphate that is sensed and regulated.

The intestinal absorption of dietary phosphate is
largely unregulated, about two-thirds of the phosphate
content of digested foodstuffs being absorbed. The regu-
lation of phosphate balance lies almost entirely at the level
of the proximal renal tubule, which can vary the rate at
which filtered Pi is reabsorbed from the tubular fluid. This
reabsorption, which normally accounts for 85–95% of fil-
tered Pi, is facilitated by one or more saturable, sodium
dependent transporters located on the brush-border mem-
brane. Two genes coding for such transporters in the hu-
man have been cloned. Theoretically, the causes of dis-
orders of phosphate homeostasis could be attributable to
intrinsic disorders of one or more of these transporter sys-
tems or to dysregulation of their function.

1. Dietary Regulation
The renal tubular reabsorption of Pi is extraordinarily sen-
sitive to the dietary intake of phosphorus, specifically to
the relationship of the intake of phosphate to that of total
calories. In classic studies defining the phosphate-de-
prived state, Lotz et al. found a sharp reduction in urinary
phosphate excretion, increased calciuria, and such symp-
toms as muscle weakness (21). The reduction in urinary
phosphate excretion is rapid, occurring before there is
time for serum phosphate to fall significantly, thus leading

to the view that there exists a diet-sensitive hormonal sys-
tem regulating urinary phosphate excretion. The mecha-
nism whereby such a system might influence renal tubular
phosphate transport is still unknown but is much closer to
elucidation with the recent elaboration of the concept of
so-called phosphatonin and the demonstration of the role
played by fibroblast growth factor 23 (FGF23) in disor-
ders of phosphate homeostasis (see below).

2. Parathyroid Hormone and
PTH-Related Protein

Although primarily functioning as a regulator of Ca2�,
parathyroid hormone (PTH) also affects renal phosphate
control by inducing phosphaturia. Patients with hyper-
parathyroidism are hypophosphatemic and, conversely,
hypoparathyroidism is associated with hyperphospha-
temia. PTH-related protein (PTHrP), circulating in excess
in patients with humoral hypercalcemia of malignancy,
leads to hypophosphatemia, presumably because of the
interaction of PTHrP with renal PTH receptors.

3. Vitamin D Endocrine System
The adequacy of phosphate nutrition and the level of Pi
in the serum are major regulators of the renal 1-� hy-
droxylation of calcidiol to calcitriol. Calcitriol levels are
generally high during phosphate deprivation and in the
face of hypophosphatemia and are depressed by phosphate
excess. Although phosphate regulates the activation of vi-
tamin D, the converse, a vitamin D effect on phosphate
homeostasis, appears to play only a minor part in normal
physiology.

B. Disordered Control of Serum Phosphate

The control of serum phosphate resides primarily in the
proximal renal tubules. Primary disorders of renal tubular
phosphate reabsorption, or secondary failure of this pro-
cess due to lesions outside the tubule, can lead to exces-
sive renal phosphate loss and consequent metabolic bone
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disease. Phosphate-wasting states are listed in Table 2. Be-
cause they lead to hypophosphatemia, their chief mani-
festations, when chronic, are rickets and osteomalacia, the
general features of which have been discussed.

C. X-Linked Hypophosphatemic Rickets

X-linked hypophosphatemic rickets (XLH), a condition
dominated by proximal renal tubular phosphate wasting,
is by far the most common cause of this type of phos-
phaturic rickets. Rickets appears in the first year of life.
The skeletal changes resemble those of vitamin D defi-
ciency, but the lower limbs are much more severely af-
fected than the upper and the rachitic rosary is not seen.
Frontal cranial bossing is common, and rarely there may
be a degree of craniosynostosis. There is a striking ab-
sence of muscular weakness. Dental deterioration and
dental abscess formation are common and may constitute
presenting symptoms of the disease. On radiological stud-
ies the bones often appear more dense than normal, in
contrast to the appearance in nutritional rickets. The lower
limbs are more severely affected than the upper, and, char-
acteristically, the lateral portion of the lower femoral
epiphysis appears more severely affected than the medial.

Physical growth is impaired. Untreated, the disease
results in severe growth retardation and deformity in
males, who are hemizygotes. The course is more variable
in heterozygous females, some being seriously affected;
in others, short stature or the biochemical finding of a
reduced renal tubular resorptive capacity for phosphorus
may be the only manifestation.

The biochemical findings (Table 1) are dominated by
hypophosphatemia with normocalcemia. The renal tubular
phosphate threshold (22) is always subnormal in hypo-
phosphatemic rickets. The normal calcitriol concentration
is the face of hypophosphatemia (which generally stimu-
lates calcitriol formation) suggests that the underlying de-
fect involves vitamin D metabolism as well as renal tu-
bular phosphate transport. This concept is supported by
observation that calcitriol formation stimulated by PTH
infusion (23) or by phosphate deprivation (24) is impaired
in subjects with FHR relative to normal individuals.

The gene responsible for XLH, originally designated
PEX and later PHEX, has been mapped to the Xp.21 re-
gion of the X chromosome and cloned (25). Numerous
mutations have been discovered in patients with XLH (26)
but there is little evidence of genotype/phenotype associ-
ations in this phenotypically rather variable disorder. By
homology with genes of known function PHEX most
probably codes for a membrane metalloprotease and ap-
pears to be most strongly expressed in osteoblasts (27).
Its precise substrate, and the way in which impaired func-
tion lead to phosphate wasting, is still not known but may
relate to the role of FGF-23 in the cause of autosomal
dominant hypophosphatemia, as discussed in the next
section.

D. Autosomal Dominant
Hypophosphatemic Rickets

This condition is phenotypically similar to XLH (28).
However, its inheritance follows an autosomal dominant
pattern. Recent information on the gene responsible for
autosomal dominant hypophosphatemic rickets (ADHR)
has shown that it codes for FGF-23 (29). This factor ap-
pears to be released by the skeleton and to act on the renal
tubule as a phosphaturic factor. Work is now (2001) pro-
ceeding to determine whether FGF-23 could be a con-
trolling hormone for phosphorus homeostasis (30). This
work could radically enhance our understanding of the
phosphate homeostatic system.

E. Hereditary Hypophosphatemic Rickets
with Hypercalciuria

Low urinary calcium excretion is a biochemical feature
common to most types of rickets, including vitamin D
deficiency, vitamin D dependency and resistance, and X-
linked hypophosphatemia. However, two apparently sep-
arate syndromes are known in which hypophosphatemic
rickets is accompanied by hypercalciuria.

In 1985, Tieder et al. (31) described an inbred
Bedouin family, many members of which had short
stature with rickets of infantile onset. Affected sub-
jects had profound hypophosphatemia, parathyroid sup-
pression, elevated calcitriol levels, and marked hypercal-
ciuria, in contrast to FHR patients who suffer from severe
muscular weakness. In other described cases, the rickets
may be relatively mild, without significant growth im-
pairment.

This form of hypercalciuric rickets, hereditary hypo-
phosphaternic rickets with hypercalciuria (HHRH), is a
rare, autosomal recessive inherited condition in which re-
nal phosphate wasting leads to the expected elevation in
calcitriol concentrations. Thus, the condition stands in
contrast to XLH, in which calcitriol levels are low despite
phosphate wasting and hypophosphatemia. As a conse-
quence of elevated calcitriol levels affected subjects may
hyperabsorb calcium, which leads to the excessive urinary
calcium excretion with resulting nephrolithiasis. Most
cases have been described in Middle Eastern and North
African populations, but apparently sporadic cases have
been seen in North Americans of English and Irish an-
cestry.

Unlike X-linked familial hypophosphatemic rickets,
HHRH has proved relatively easy to control with oral
phosphate. Because calcitriol levels are high in the disease
and PTH is suppressed, there is no need to supplement
with a vitamin D metabolite and no danger of secondary
or autonomous hyperparathyroidism. In the author’s lim-
ited experience and in published reports, the response to
therapy has been excellent in terms of increased strength,
prevention of deformity, and statural growth.
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F. Dent’s Disease

Another type of hypercalciuric rickets, now named Dent’s
disease, was first described by Dent and Friedman (32).
Hypophosphatemic hypercalciuric rickets is associated
with generalized tubulopathy and eventual renal failure.
The disease is inherited as an X-linked recessive trait. Its
cause has been identified as a mutation in the gene,
CLCN5, coding for a chloride channel and expressed in
the proximal renal tubule (33).

G. Tumor (or Oncogenoous) Rickets

Hypophosphatemic rickets is occasionally found in chil-
dren and adults bearing a small mesenchymal tumor, usu-
ally benign (34). The tumor is often classified as a he-
mangiopericytoma, but benign fibromas, some malignant
tumors, and nontumorous conditions such as the linear
nevus sebaceus syndrome have been linked to this type
of hypophosphatemia. The hypophosphatemia is accom-
panied by inappropriately low levels of calcitriol, and the
degree of osteomalacia or rickets may be severe. Resec-
tion of the tumor from affected individuals has resulted in
complete and rapid resolution of the hypophosphatemia,
leading to the inescapable conclusion that the tumor, often
very small, must be secreting an intensely phosphaturic
substance that has been called phosphatonin. Since the
identification of FGF-23 as the phosphaturic factor in
ADHR (see above), this substance has been looked for
and found, in tumors associated with hypophosphatemia
(30), leading to the strong suspicion that FGF-23 is indeed
phosphatonin.

H. McCune-Albright Syndrome

Also called polyostotic fibrous dysplasia, this is a perva-
sive multisystemic disease of childhood onset that appears
to be nonfamilial. Patients show a progressive fibrosis and
deformity of bone affecting noncontiguous parts of the
skeleton, although completely normal bony architecture is
preserved elsewhere. The fibrous dysplasia may lead to
pain, weakness, and fractures, with associated distur-
bances of gait. Children with fibrous dysplasia often man-
ifest hyperactivity of one or more endocrine systems,
particularly precocious puberty, thyrotoxicosis, and acro-
megaly. They also show large, irregularly shaped pig-
mented skin nevi characteristic of the disease. Many of
these children have a phosphaturic state that can lead to
rickets and osteomalacia, with worsening of the bone pain
and deformity. Following the recognition that most of the
manifestations of the disease could be explained by hy-
perresponsiveness of cyclic AMP-dependent hormone re-
ceptors, Weinstein et al. (35) demonstrated that McCune-
Albright syndrome is caused by somatic mutations in the
gene coding for the � subunit of the G protein gene
(GNAS) that controls the regulation of such receptors. The
receptors are thus constitutively activated even though the

target organs are not exposed to high levels of the hor-
monal or other stimulus that would normally be required
for activation. In this model the hypophosphatemia would
presumably be a result of activation of renal tubular PTH
receptors in the absence of excessive PTH concentrations.
However, the possibility remains that cells in the abnor-
mal bone are secreting a phosphaturic factor directly re-
ducing tubular phosphate reabsorption.

I. Generalized Tubulopathies
(Fanconi Syndrome)

This group of disorders is characterized by excessive uri-
nary losses of all the factors primarily reabsorbed from
the proximal tubular fluid. These include glucose, phos-
phate, bicarbonate, and amino acids. Genetic causes are
generally responsible for proximal tubular failure in chil-
dren.

J. Cystinosis

Severe Fanconi syndrome is seen in cystinosis, an auto-
somal recessive lysosomal storage disease in which cys-
tine accumulates intracellularly. The onset is in infancy,
with failure to thrive and rickets. Affected children are
hypophosphatemic and acidotic and go on to develop pro-
gressive renal glomerular failure. Treatment with phos-
phate supplements, calcitriol, and alkalinizing agents,
such as the citrates of sodium, potassium, or magnesium,
can ameliorate the bone disease. However, until recently
only renal transplantation could prevent early death from
uremia. The introduction of cysteamine and related sulfur-
containing compounds to reverse lysosomal cystine over-
load and preserve renal cell function has greatly improved
the prognosis in this formerly fatal disease (36).

K. Other Causes of Fanconi Syndrome

Genetic conditions in which the impact of the associated
Fanconi syndrome is relatively minor include Lowe
syndrome (cause of tubular failure unknown), Wilson’s
disease, and type I glycogen storage disease, which are
recessive conditions of copper and carbohydrate metabo-
lism. Another form of Fanconi syndrome that has attracted
interest recently is Dent’s disease (see above).

L. Nonrenal Disorders: Dietary
Phosphate Insufficiency

Dietary phosphate deficiency is very uncommon in adults
and older children and is usually seen in association with
the abuse of aluminum-containing antacid gels, which
bind phosphorus in the gastrointestinal tract. In the pre-
mature infant, however, a bone disease that encompasses
a spectrum of disturbances resulting in rickets, osteoma-
lacia, and osteoporosis may occur as a result of an oral
or parenteral intake insufficient to meet the phosphorus
needs of the rapidly growing infant.
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Figure 4 Serum alkaline phosphatase levels in child and adult controls and three categories of hypophosphatasia. (Adapted
from Ref. 37.)

V. RICKETSLIKE CONDITIONS

A. Hypophosphatasia

This term is used to describe a group of inherited diseases
characterized by variable defects in bone mineralization,
absent or subnormal serum alkaline phosphatase (ALP)
activity, and an excess of natural ALP substrates in the
blood or urine. The condition has been classified into five
categories according to the age of onset of symptoms and
signs: perinatal lethal, infantile, childhood, adult, and
odontohypophosphatemia (37). In the last of these dental
disease (particularly early shedding of teeth) is the only
manifestation. The severity is inversely related to the age
of onset. In addition to ricketslike bone deformity, af-
fected individuals may show hypomineralization, frac-
tures, hypercalcemia, and early loss of teeth. Serum ALP
levels are low, but vary widely. There appears to be broad
correlation of serum tissue-nonspecific alkaline phospha-
tase (TNSALP) levels with clinical severity (Fig. 4). In-
creased urinary excretion of phosphoethanolamine and in-

organic pyrophosphate is pathognomonic for the disease.
Although the severity, age of onset, and mode of inheri-
tance vary, clinical cases of hypophosphatasia are all at-
tributable to mutations in the same gene, TNSALP
mapped to 1p36.1–34. This gene codes for liver and bone
alkaline phosphatase but not for placental or intestinal al-
kaline phosphatase. As shown by Whyte et al. (38),
plasma levels of pyridoxal phosphate (a form of vitamin
B6) are considerably elevated in patients with hypophos-
phatasia. This has been attributed to a failure of hydrolysis
of pyridoxal phosphate outside the cells and led to the
characterization of TNSALP as an ectoenzyme bound to
the outside of cell membranes.

B. Skeletal Manifestations of Trace
Metal Disorders

A variety of metallic elements are essential for bone
health. Disease can occur both as a result of deficiency
and from excess. Table 3 lists the more important ele-
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Table 3 Effects of Trace Element Nutritional Status on the Skeleton in Childhood

Element

Excess

Cause Manifestation

Deficiency

Cause Manifestation

Aluminum Parenteral nutrition,
chronic renal
dialysis

Rickets, hyperparathyroid
bone disease, uremic
osteodystrophy

Copper Wilson’s disease Osteoporosis Prematurity, elemental diets Osteoporosis
Manganese Osteoporosis (54)
Zinc Prematurity, elemental diets,

absorption defects (e.g.,
acrodermatitis enteropathica)

Stunting of bone
growth

ments concerned, together with the principal causes of
imbalance of each element in children, the major skeletal
manifestations of excess and deficiency, and references to
more detailed information.

VI. METABOLIC AND GENETIC DISORDERS
INTRINSIC TO THE SKELETON

A. Introduction

This section reviews the osteoporotic syndromes in child-
hood followed by some of the skeletal dysplasias. Many
of these heritable disorders of the skeleton, with stereo-
typic deformities, malformations, and growth failure in
children can now be explained in terms of genetic disor-
ders of several of the proteinaceous components forming
the matrix of bone.

B. Osteoporotic Syndromes in Childhood

1. Definition and Overview
Osteoporosis is the state in which the quantity of material
within the bones, both matrix and mineral, is pathologi-
cally diminished. It is to be differentiated from osteoma-
lacia in which there is a failure of mineralization on a
background of adequate matrix. The term osteopenia is
often used to describe an abnormally low density of skel-
etal material not sufficiently severe to cause symptoms or
loss of function. Since osteopenia, thus defined, differs
from osteoporosis only in degree the terms are often used
interchangeably.

Since osteopenia and osteoporosis are essentially dis-
orders of the proteinaceous matrix of bone they often oc-
cur in situations in which protein balance is disturbed by
reduced anabolism and/or increased protein catabolism.
Another consideration, emphasized by Frost and Schönau
(39) comes from the crucial interactivity of bone and mus-
cle at all stages of life and particularly during childhood
growth. Given the major trophic role of muscle force on
bone development, it is easy to understand why osteo-

porosis should develop alongside neuromuscular diseases
such as Duchenne’s muscular dystrophy.

Online Inheritance in Man (OMIM) (40) lists 65 in-
herited disorders involving osteoporosis. Most of these
cause symptoms in childhood and most involve disorders
of connective tissue matrix. Some of the more important
categories of childhood osteoporosis, genetic and ac-
quired, are listed in Table 4.

We generally think of osteoporosis as a disease of
later life, particularly common in women and associated
in its pathogenesis with the hormonal changes of meno-
pause. This section will touch on developmental topics
linking child health to postmenopausal osteoporosis, but
its main emphasis will be on osteoporosis occurring in
children. Osteopenia and consequent fractures in prema-
ture infants are important topics in their own right. The
causes, presentation, and treatment of metabolic bone dis-
ease of the newborn (41) will, therefore, not be covered
here.

2. Clinical Manifestations
Osteoporosis has been called the silent epidemic. Al-
though this alludes to a number of medical and sociologic
factors in the elderly population, the description also fits
the unobtrusive way in which osteoporosis and its con-
sequences develop. In general, osteoporosis is painless un-
til fractures occur. The prime exception is osteopenia due
to malignant infiltration of bone. Osteoporosis in child-
hood is usually discovered fortuitously by radiological ex-
amination or screening in at-risk children, following
x-rays done for other purposes, or after a fracture has
occurred. Fractures of the peripheral skeleton are more
common in the lower limbs and their circumstances may
not immediately point to the existence of osteopenia. On
the other hand, in the absence of severe trauma, vertebral
fractures in children are almost invariably due to osteo-
porosis, local or generalized. Such fractures cause pain,
deformity (kyphosis), and loss of height. The latter may
not be as easily appreciated in a growing child as in an
adult whose height has been unchanged previously.
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Table 4 A Classification of Osteoporosis in Childhood

Category Diagnosis Comments

Genetic disorders of connective
tissue matrix

Osteogenesis imperfecta
Ehlers-Danlos syndrome
Osteoporosis-pseudoganglioma

syndrome
Locally mediated bone

resorption
Malignancies including leukemia
Thalassemia and other causes of

myeloid expansion or proliferation

Skeletal pain may be severe
May be exacerbated by chelating agents used to

treat iron overload
Cytokine-mediated catabolic

states affecting connective
tissue matrix

Inflammatory bowel disease
Inflammatory arthritis

May be worsened by corticosteroid use
May be worsened by corticosteroid use

Endocrine and metabolic Hypercortisolism, iatrogenic or due to
pituitary or adrenal disease

Thyrotoxicosis
Hypogonadism Includes failure to convert androgens to estrogens

and estrogen receptor defects
Anorexia nervosa

Disuse and underuse Congenital and acquired paraplegia
Muscular dystrophy

Unclassified Idiopathic juvenile osteoporosis Usually remits at puberty; heritable disorders of
collagen identified in some cases (82)

Figure 5 The rapid accumulation and slow loss of bone
mineral in males and females.

3. Skeletal Turnover and the Development
of Osteoporosis

Once formed, both cortical and trabecular bone are in a
state of constant dynamic activity with osteoblasts form-
ing new matrix, calcification of that matrix, and osteo-
clastic removal of existing bone. Bone cells are able to
regulate each others’ activity in a paracrine fashion, giving
rise to the concept that the processes of bone formation
and resorption are coupled (42). During childhood this
process leads to a net gain of skeletal material, reaching
a plateau in the early 20s and thereafter declining, as

shown in Figure 5. Much of this mineral gain is a con-
sequence of somatic and skeletal growth, but the bones
also appear to increase in density (i.e., mass of calcified
tissue per unit volume of bone) until early adult life. Adult
osteoporosis is due to a preponderance of bone resorption
over formation in a skeleton of more or less static pro-
portions. A similar imbalance between formation and re-
sorption may also give rise to osteoporosis in childhood,
but a failure to add new bone material as the skeleton
grows may lead to a reduction in bone density by a mech-
anism unique to childhood.

4. Measurement of Bone Density and
Normal Ranges

Because the presence or absence of fractures is a crude
measure of skeletal integrity, densitometric methods have
been devised to diagnose less extreme degrees of osteo-
penia. In recent years bone densitometric techniques have
become sophisticated. The low radiation dosages admin-
istered have permitted study of normal children with the
publication of normative data from a number of surveys
(43). The two methods that can currently provide usable
data on bone density in children are dual-energy absorp-
tiometry (DXA) and quantitative computed tomography
(qCT). Relatively inexpensive, delivering a low radiation
dosage, and with an increasing body of normative data for
children, DXA is the most widely used method. The major
drawback of DXA bone densitometry in children is that
it actually measures the attenuation of an x-ray beam
across a projected cross-section of bone. This attenuation
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Table 5 Silence Classification of Osteogenesis Imperfecta

Type Fragility Sclerae Teeth Inheritance Comments

IA Present Blue Abnormal Autosomal dominant Relatively common
IB Present Blue Normal Autosomal dominant Variable severity
II Extreme Bluea — ? dominant (germ cell) Perinatal presentation
III Severe Normal Normal ? dominant (germ cell) Skeletal deformity
IVA Present Normal Abnormal Autosomal dominant Uncommon
IVB Present Normal Normal Autosomal dominant Variable severity

aSclerae are often blue in normal infants

depends not only on the actual density of skeletal mineral
but also on the dimensions of the bone along the axis of
the x-ray beam and in the plane perpendicular to that
beam. These dimensions and their relation to one another
change through childhood, so that corrections based on
the child’s height and weight have to be applied to the
machine’s output (44).

Quantitative computed tomography gives a true bone
density (mass/unit volume). However, both its cost and
radiation dosage preclude the study of large number of
child subjects using techniques devised for detailed im-
aging, so far fewer normative data are available. Low-
radiation methods for qCT in children do exist and this
method still has potential importance (45).

5. Classification
Following the classification in Table 4, detailed discussion
of some of the individual causes follows. The bone matrix
consists of collagen and a large number of noncollagenous
proteins. Genetic or acquired defects in the structure and/
or assembly of matrix proteins can lead to osteopenia, as
exemplified by the defects in collagen synthesis that cause
osteogenesis imperfecta.

C. Osteogenesis Imperfecta

The term osteogenesis imperfecta (OI) describes several
inherited conditions characterized by an increased inci-
dence of bone fractures on minimal trauma.

1. Causes and Taxonomy
The various types of OI are caused by mutations that af-
fect the nature or synthetic rate of the peptide chains that
constitute type I collagen, which is the major collagen of
the skeleton. The gene coding for the affected collagen
chain is designated by a symbol of the type COLnAm
where n is an Arabic numeral denoting type of collagen
while the numeral m differentiates between the gene for
the A1 chain and A2 chain of the collagen type in question
(46). Although some of these affect nonosseous connec-
tive tissue, the impact of most falls particularly heavily
on the skeleton.

OI is classified into subtypes that are genetically,
pathologically, and clinically distinct from one another.

Their taxonomy was clarified by Sillence (Table 5) just as
molecular techniques for the analysis of collagen structure
and the associated genes were becoming available. The
Sillence classification is still useful for clinical purposes
and has superseded the formerly used terms OI congenita
and OI tarda as well as other descriptive and eponymous
terms.

2. Pathophysiology
For a more fundamental understanding of the pathophys-
iology of the OI syndromes, as well as for genetic coun-
seling and potential prenatal diagnosis, we need a molec-
ular view that is not offered by the Sillence classification.
This area remains complicated because of the large size
of the collagen molecule and the large number of distinct
mutations observed in OI. Although mutations affecting
the �-1 chain of collagen are more commonly reported,
mutations in both �-1 and �-2 collagen can cause any of
the clinical varieties of OI.

3. Inheritance
Both Sillence types II and III were generally considered
to be inherited as autosomal recessives. However, some
occurrences of multiple cases in siblings born to unaf-
fected parents are now considered to be due to germ-line
mutations in which multiple germ cells are heterozygous
for a dominant mutation expressed in the offspring.

4. Clinical Features
The clinical features of OI depend on the genetic type of
the disorder, the age of onset, and the severity of the skel-
etal effects. Babies affected at birth have a poor prognosis.
Those in Sillence type II are born with multiple fractures
that have arisen in utero, some healing with shortening
and broadening of the long bones. Stillbirth or early death
usually results from respiratory failure or brain damage.
In type III the fractures are less widespread, and short-
ening and deformity of the limbs can be absent at birth.
These children often survive for several years with pro-
gressive severe deformities of the long bones (Fig. 6).
Once again, respiratory failure is often the terminal event.
Types I and IV of Sillence are milder conditions in which
the mode of inheritance is dominant. The skeletal ten-
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Figure 6 Severe deformity in a young boy with type II
osteogenesis imperfecta.

dency to excess fracturing is accompanied by lax-joint-
edness, easy bruisability, and conductive deafness. The
teeth can be affected by dentinogenesis imperfecta (so-
called subtypes Ia and IVa), whereas patients with sub-
types Ib and IVb have normal teeth. The identifying char-
acteristic of type I is a persistent blueness of the sclerae
(blue sclerae are normal in infancy). Type IV patients
present a very similar clinical picture, but the sclerae are
a normal white.

D. Homocystinuria

Screening studies of urine from mentally retarded persons
revealed some patients with a distinctive appearance, who
excreted excess amounts of the sulfur amino acid homo-
cystine. Homocystinuria (MIM #236200 ) is a recessively
inherited disorder caused by the absence or inadequate
function of the enzyme cystathionine synthetase. This rare
condition has provoked considerable research interest di-

rected toward the high incidence of two very common
associated disorders: arterial thromboses and osteoporosis.
Tall stature through childhood, and persisting into adult
life, is a frequent finding in homocystinuria. The limbs
tend to be thin and spindly, with a decreased upper/lower
segment ratio. Other skeletal manifestations are severe os-
teoporosis, beginning in adolescence, and kyphoscoliosis.
There is downward dislocation of the lenses, leading to
secondary glaucoma, myopia, and retinal detachment.
Vascular changes are a frequent source of morbidity in
homocystinuria.

E. Hormonal Osteoporosis

1. Hypogonadism
Both androgenic and estrogenic hormones have been con-
sidered anabolic for bone and osteoblasts bear receptors
for both classes of homones. In both genders there is a
sharp increase in bone mineral content during puberty.
Osteopenia is seen in adolescents and young adults of ei-
ther gender in a variety of settings of gonadal hormone
deficiency.

2. Turner Syndrome (XO Gonadal Dysgenesis)
Symptomatic osteoporosis used to be common in young
women with Turner syndrome before estrogen replace-
ment became routine. There is discussion as to whether
osteoporosis is part of the phenotype or entirely secondary
to estrogen deficiency manifesting in the early teens. Re-
cent data show that, even with adequate estrogen replace-
ment, osteopenia may persist in patients with Turner syn-
drome. It is possible that growth hormone, used to
promote growth in these short girls, may lead to an in-
crease in bone density acting synergistically with admin-
istered estrogens (47).

3. The Exercise–Anorexia–Aamenorrhea Triad
Reduced gonadal hormone output is a hallmark of ano-
rexia nervosa and is also present in many highly trained
athletes. Anorexia and athleticism represent different life
situations but there are areas of physiological overlap in
the anorectic’s urge to exercise and the athlete’s concern
for a trim, muscular, and efficient body. Both in anorexia
and in athletic training there are reports that boys as well
as girls may suffer from diminished gonadal function, but
the diagnosis is made far more commonly in young
women and girls and more is known about the skeletal
consequences in female subjects. Bone mineral content is
reduced in anorexia leading to measurable osteopenia (48)
and to concern that these patients will be likely to develop
clinically signifcant osteoporosis in middle age. However,
it is rare for osteoporotic fractures of the vertebrae or ap-
pendicular skeleton to present in young anorectics. It is
hard to tell how much of the osteopenia of anorexia is
due to hypoestrogenemia and how much to nutritional de-
ficiency, but analogy with more clearly defined varieties
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of hypogonadism indicates that hormonal deficiency plays
a major causative role.

Exercise, by periodically varying the load imposed on
various parts of the skeleton, is anabolic to bone. Never-
theless female athletes (and other trained young women
such as ballerinas) lose bone and may become osteopo-
rotic. Undoubtedly the bone loss stems mainly from ac-
quired hypogonadism, the negative effect of which ex-
ceeds the benefit from exercise. The major diferences
from the anorectic state are that these women are, by and
large, well-nourished. In contrast to the situation in ano-
rexia, fractures, particularly cortical microfractures of the
lower limbs, are not uncommon. This is related to the
great strain imposed upon the limbs by these girls’ activ-
ities. Bone loss may not be fully reversed with estrogen
treatment.

F. Male Hypogonadism

Young men with Kallman syndrome and other causes of
hypogonadism are recognized to be osteopenic. Their re-
duced bone mass is reversible upon administration of an-
drogens. Despite the presence of androgen receptors in
bone, doubt has been cast on the role of androgens on
bone by the fascinating cases of males who cannot make
estrogens (aromatase deficiency) or in whom mutated re-
ceptors (49) cause estrogen resistance. In both of these
unusual disorders, men developed significant osteopenia
despite normal testosterone levels.

G. Glucocorticoid Excess

Cushing’s syndrome, endogenous or due to administered
glucocorticoids, is a major cause of pathological bone loss
in children. It is usually accompanied by severe failure of
linear growth. The bone loss can be severe with frequent
fractures of the appendicular skeleton as well as vertebral
crush fractures. The cellular causes of steroid osteoporosis
probably relate more to the catabolic effects of glucocor-
ticoids on matrix protein than to any effect on calcium
handling at gut or renal level. No reliable treatment exists
for glucocorticoid osteoporosis. Attempts to prevent it
have been made by altering the schedule of steroid ad-
ministration (e.g., alternate-day doses), and by the use of
analogs such as deflazacort, designed to have an improved
therapeutic ratio. Established disease has been treated with
vitamin D, calcium supplements, antiresorptive agents,
and anabolic agents such as androgens and growth hor-
mone, all to little avail.

Endogenous and factitious thyrotoxicosis in child-
hood may cause osteoporosis if untreated for a long pe-
riod.

Hyperparathyroidism may be associated with bone
loss but the sites of skeletal damage are quite specific and
different from those seen in patients with true osteopo-
rosis.

H. Nutritional and Metabolic Osteoporosis

1. Liver Disease
The liver is involved in calcium metabolism as the site of
the first (25-hydroxylation) step in the activation of vita-
min D. In addition, bile production is essential for the
normal absorption of both vitamin D and calcium. As a
result, severe bone disease, often a combination of rickets
and osteoporosis, can affect young children with biliary
obstruction (8).

2. Immune and Inflammatory Disease
Cytokines such as those that serve as chemical links be-
tween cells of the immune system exert major actions on
the relative activities of bone-forming and bone-resorbing
cells (42, 50). Conditions as diverse as systemic masto-
cytosis, inflammatory bowel disease, rheumatoid arthritis,
and the hyper IgE syndrome, in which cytokine produc-
tion is deranged, may be associated with osteoporosis. Ju-
venile rheumatoid arthritis, in which disuse osteoporosis
is combined with steroid effects and, probably, a catabolic
effect of immune cytokines, causes a particularly trouble-
some osteoporosis.

3. Neoplastic Disease
Crush fractures of the vertebrae and pathological fractures
through malignant deposits in appendicular bone are not
uncommon in patients with childhood malignancy, partic-
ularly leukemia and, less commonly, neuroblastoma. The
radiological appearances are often patchy, with some areas
of the skeleton appearing normal (51). However, diffuse
osteopenia is not uncommon. Malignant osteoporosis of
childhood is often painful, providing a strong clue to the
underlying diagnosis. The rate of bone resorption may be
high enough to cause hypercalciuria or even hypercal-
cemia, but the absence of biochemical abnormalities does
not exclude malignancy as a cause for childhood osteo-
porosis. The evaluation and treatment of the child with
leukemias and other malignancies will not be considered
further here.

I. Miscellaneous and Unknown

1. Disuse Osteoporosis
Repetitive mechanical stresses are major stimuli to the
formation of new bone and the gain of skeletal mass. Con-
versely, weightlessness, bed rest, and paralysis lead to
bone loss. Lower limb fractures are common in nonam-
bulatory children with spina bifida and cerebral palsy. Of-
ten nutritional factors contribute to the development of
bone disease in these multiply handicapped individuals. A
variety of orthopedic approaches may be necessary to han-
dle the fractures but correction of the underlying cause is
generally not an option.

Acute paraplegia may cause rapid bone loss, partic-
ularly in healthy growing children who have higher bone
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Table 6 A Classification of Skeletal Dysplasias

Achondroplasia group
Spondylodysplastic and other perinatally lethal groups
Metatropic dysplasia group
Short-rib dysplasia (with or without polydactyly) group
Atelosteogenesis-omodysplasia group
Diastrophic dysplasia group
Dyssegmental dysplasia group
Type II collagenopathies
Type XI collagenopathies
Other spondyloepi-(meta)-physeal dysplasias
Multiple epiphyseal dysplasias and pseudoachondroplasia
Chondrodysplasia punctata (stippled epiphyses group)
Metaphyseal dysplasias
Spondylometaphyseal dysplasias
Brachyolmia spondylodysplasias
Mesomelic dysplasias
Acromelic and acromesomelic dysplasias
Dysplasias with prominent membranous bone involvement
Bent-bone dysplasia group
Multiple dislocations with dysplasias
Dysostosis multiplex group
Osteodysplastic slender bone group
Dysplasias with decreased bone density
Dysplasias with defective mineralization
Increased bone density without modification of bone shape
Increased bone density with diaphyseal involvement
Increased bone density with metaphyseal involvement
Neonatal severe osteosclerotic dysplasias
Lethal chondrodysplasias with fragmented bones
Disorganized development of cartilaginous and fibrous

components of the skeleton
Osteolyses
Patella dysplasias

Source: Ref. 58.

turnover rates than adults. Although osteoporosis of the
paralyzed limbs is the rule in such cases, the major clinical
problem is the rapid rise in serum and urinary calcium
that may occur in the first few days after injury.

2. Burns
Bone loss after burn injury has been attributed to immo-
bilization. However later work (52) suggested that bio-
chemical markers of bone formation can remain depressed
for years after burn injury. The cause of such long-lasting
depression of skeletal function after burns remain to be
discovered.

3. Idiopathic Juvenile Osteoporosis
Idiopathic juvenile osteoporosis (IJO) describes a severe
and rapidly progressive form of osteoporosis seen in the
years before puberty (53). The disease affects children of
either gender and its cause is unknown. There is now in-
creasing evidence that some cases are due to genetic ab-
normalities in collagen structure (54).

The most striking feature of IJO is that the bone loss
remits with the onset of puberty. At that stage, while re-
sidual deformity persists, new growth takes place in the
absence of further fractures. IJO is not known to be a
familial condition, but the possibility that it is due to an
underlying disorder of collagen formation, much like an
osteogenesis imperfecta, cannot be ruled out.

The remission of IJO with puberty is a feature shared
by many other types of osteoporosis in adolescents, even
those whose causes have nothing to do with gonadal hor-
mone status, such as steroid osteoporosis and osteogenesis
imperfecta. The natural history of these conditions bears
witness to the powerful effect of gonadal hormones on
bone.

J. Pediatric Aspects of Adult Osteoporosis

This critically important topic has received much atten-
tion. If bone mass increases steadily throughout childhood
and the early 20s and is then subject to an inevitble de-
cline, it follows that measures to promote skeletal accre-
tion in youth may prevent the ravages of bone loss later
in life. The factors contributing to the gain in bone mass
in childhood are complex. They may include calcium nu-
trition (55), the timing of puberty and other hormonal in-
fluences, as well as innate genetic traits. A start in unrav-
eling these genetic factors may have been made by the
observation that polymorphisms in the noncoding region
of the vitamin D receptor gene are predictors of adult bone
mass (56). Doubtless other genetic influences will be dis-
covered since there is certainly a familial component to
postmenopausal osteoporosis.

VII. SKELETAL DYSPLASIA

The nomenclature of these conditions seems at first sight
to be quite complex. However, in many cases, the con-

nection to the principal clinical and radiological findings
is logical and depends on whether the bony dysplasia de-
fects occur in the epiphyses, the metaphyses, or the ver-
tebral bodies (57). An overall classification of the bony
dysplasias (Table 6) is provided on the website of the
International Nomenclature of Constitutional Disorders of
Bone located at Cedars-Sinai Hospital in Los Angeles
(58). Names of selected skeletal components together with
the names and descriptions of the diseases caused by mu-
tations of these proteins are given in Table 7.

As can be seen from Table 7, the skeletal dysplasias
may result not only from abnormalities in structural pro-
teins but also from abnormalities in components of cell-
signaling systems active in the skeleton.

Most of these conditions do not disturb the homeo-
stasis of the extracellular biochemical milieu and do not,
therefore, show any characteristic biochemical changes in
serum. However, there are occasional exceptions to this
rule (e.g., Jansen’s dysplasia and Albright’s hereditary os-
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Table 7 Selected Abnormalities of Skeletal Components Giving Rise to Skeletal Dysplasia

Class of disorder Affected protein Skeletal dysplasia MIM code

Matrix collagenopathies Alpha-1 or alpha-2 chains of type I collagen Osteogenesis imperfecta types I–IV 166200
166210
166220
166240

Type II collagen (COL2A1) Achondrogenesis II
Spondyloepiphyseal dysplasia
Congenita
Spondyloepimetaphyseal dysplasia

Strudwick type

200610
183900
184250

Type X collagen (COL10A1) Schmidt’s metaphyseal dysplasia 156500

Matrix metabolism Cartilage oligomeric matrix protein Pseudoachondroplasia 177170
Solute carrier family 26 (sulfate transporter),

member 2
Diastrophic dysplasia 222600

Hormone and growth
factor receptors

PTH receptor (PTHR/PTHRPR)
FGFR3

Jansen’s metaphyseal dysplasia
Achondroplasia
Thanatophoric dysplasia

156400
100800
187600

Alphas subunit of G-protein (GNAS1)
reduced activity

Albright’s hereditary
osteodystrophy
(pseudohypoparathyroidism)

103580

Alphas subunit of G-protein (GNAS1)
increased activity

McCune-Albright polyostostotic
fibrous dysplasia

174800

Control of structural
development

Peroxisomal enzymes (Peroxins 1, 2, 5, 6,
or 7)

Variants of chondrodyplasia
punctata

118650
302950

Short stature homeobox Leri-Weill dychondrosteosis 127300
Cartilage-derived morphogenic protein 1 Several acromelic and

acromesomelic dysplasias
177170
132400

Storage diseases Glycosidases and sulfatases Several mucopolysaccharidoses 252700
252800
253200
252900
253230
231005
252300

teodystrophy). Although some specific therapies are being
explored, the explosion of genetic knowledge about these
syndromes has only just begun to generate hypotheses
concerning innovative ways to treat some of these dis-
tressing disorders.

A selection of these disorders is discussed below. The
various syndromes are grouped primarily by cause rather
than by morphology.

A. Disorders of Skeletal Structural Protein

1. Type I Collagen
Mutations in the genes coding for this collagen give rise
to osteogenesis imperfecta, considered above under the
section on osteoporosis.

2. Other Collagenopathies

Mutations in type II collagen (COL 2A1) are responsible
for a number of dominantly inherited bony dysplasias in-
cluding achondrogenesis and hypochondrogenesis and
some of the spondyloepiphyseal and the spondyloepime-
taphyseal dysplasias.

Some of the defects seen in collagen type II colla-
genopathies, particularly Stickler-type dysplasia, are mim-
icked by the effects of mutations in type XI collagen,
while other types of multiple ephyseal dysplasias have
been traced to mutations in type IX collagen.

Collagen type X is found principally in epiphyseal
growth plate cartilage. Mutations can be responsible for
Schmid-type epiphyseal dysplasia, which is a dominantly
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inherited condition that often mimics rickets in its somatic
effects and radiological appearances. A major area of dif-
ferentiation from rickets is that children with Schmid-type
epiphyseal dysplasia do not have increased plasma mark-
ers of bone turnover, such as alkaline phosphatase, nor
any of the other abnomalities of plasma biochemistry that
characterize the various forms of rickets.

Cartilage oligomeric matrix protein (COMP) is a ma-
trix protein secreted by chondrocytes that has been found
to be mutated in pseudoachondroplasia (PSACH) (59).
COMP appears to play a role in the trafficking and or-
ganization of other matrix proteins. PSACH is a relatively
common disorder usually inherited in an autosomal dom-
inant manner. Patients may not show any abnormality un-
til the second year of life, after which they manifest pro-
gressive evidence of limb shortening and disproportion.
The face and cranium are not affected in the same way
as achondroplasia.

3. Hormone and Growth Factor Receptors

a. Fibroblast Growth Factor Receptor 3: Achondro-
plasia. A conceptual breakthrough regarding the ways
in which the cellular biology of developing bone could
affect shape and structure was reached with the discovery
that achondroplasia was due to mutations in the gene for
the FGFR3. Achondroplasia is a familial autosomal dom-
inant inherited condition characterized by short-limbed
growth failure and abnormalities of the cranial and facial
bones. The appearances of a large head with frontal boss-
ing and hypoplasia of the midface are easily recognized.

In addition to the morphological abnormalities de-
scribed, affected individuals may also manifest certain
central nervous system disorders including megencephaly,
hydrocephalus, and craniocervical instability. In rare
cases, the last of these may lead to drastic neurological
impairment or to sudden death.

The gene for achondroplasia was mapped to 4 p 16.3
in 1994. Shortly afterwards two groups independently dis-
covered the cause to lie in a specific mutation of FGFR
(380 gly�arg) (60). This mutation leads to a gain-of-func-
tion for the receptor, which, among other things, leads to
premature epiphyseal fusion. Subjects in whom the entire
FGFR3 gene is deleted do not have achondroplasia. Hy-
pochondroplasia, a milder form of the disorder, may be
caused by the same or other mutations in FGFR3.

Homozygosity for the 380 gly�arg mutation leads to
a fatal neonatal skeletal dysplasia called thanatophoric
dysplasia.

b. PTH Receptor (Jansen’s Metaphyseal Dyspla-
sia). Jansen’s metaphyseal dysplasia is much less com-
mon than achondroplasia. Its interest lies in the fact that
it too is due to an activating mutation of a receptor. How-
ever, in this case the receptor is for a systemic hormone
system, namely the PTH system. PTH and the PTH-re-
lated peptide PTHrP share the same receptor, sometimes
referred to as the PTH/PTHRP receptor. Since PTHR

signals the presence of a systemically distributed ligand,
it might be expected that constituitive activation of the
receptor has systemic consequences, in this case hyper-
calcemia. It was, in fact this hypercalcemia that provided
the first clue as to the molecular cause of the syndrome
(61).

c. Alpha Subunit of G-Protein.

Albright’s hereditary osteodystrophy. Bony dyspla-
sias may also be related to two separate groups of muta-
tions in the gene coding for the widely distributed alpha
subunit of the stimulatory G-protein (GNAS), integrated
into a number of membrane bound receptors. AHO is due
to loss-of-function mutations in GNAS. When these mu-
tations are inherited from the mother, they lead to reduced
function of the PTH receptor with the biochemical fea-
tures of pseudohypoparathyroidism. However, biochemi-
cal abnormality is not the cause of the associated skeletal
malformations, which may coexist with a mutant GNAS
gene and normal biochemical values.

AHO is characterized by short stature and brachy-
dactyly. Subcutaneous ossifications, which may be exten-
sive, are frequently found and the syndrome is frequently
accompanied by cognitive impairment, obesity and hy-
pothyroidism. Where the function of the PTH receptors is
affected hypocalcemia, elevated serum PTH level and par-
athyroid hyperplasia occur.

McCune-Albright syndrome. McCune-Albright syn-
drome (MAS) is a nonfamilial syndrome due to somatic
cell mosaicism conferring constituitive activation of
GNAS in various parts of the skeleton and in other organs.
Because of the occurrence of hypophosphatemic rickets
and osteomalacia in the syndrome, it is discussed above
in the section on rickets.

d. Other Abnormalities in the Control of Structural
Development: Peroxisomal Enzymes (Peroxins 1, 2, 5, 6,
or 7). These enzymes contribute to the turnover of in-
tracellular matrix by controlling the transport of matrix
proteins into peroxisomes where they are prepared for ca-
tabolism. Dysfunction or absence of the peroxisomes, due
to mutations in the peroxins, can lead to a variety of in-
herited nonskeletal diseases including adrenoleukodystro-
phy and Zellweger syndrome (62). Skeletal effects
include rhizomelic chondrodysplasia punctata (MIM num-
ber 215100), an autosomal recessive disorder, and crani-
ofacial dysmorphia and stippled patellas, found in a var-
iant of Zellweger syndrome.

e. SHOX. The short stature homeobox (SHOX)
gene, located on the pseudoautomal region of both the X
and Y chromosomes, codes for a protein believed to act
as a transcription factor. The gene is expressed in osteo-
genic cells and monosomy of the SHOX gene appears to
account for the short stature, and, possibly other skeletal
abnormalities (63) seen in Turner syndrome.

Leri-Weil disease is a an apparently dominantly in-
herited form of skeletal dysplasia with disproportionate
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short stature and a deformity of the wrist known as
Madelung’s deformity. The syndrome has been attributed
to mutations in SHOX (64). The disorder may be noted
at birth and is classified as a dyschondrosteosis because
the malformations affect bone derived from cartilaginous
growth plates, while growth plate histological examina-
tion shows severe disturbance of the arrangement of chon-
drocytes (65). The reason for the unusual genetics (4:1
female preponderance of cases) was explained when it
was understood that the gene involved was located on the
X chromosome and the pseudoautosomal region of the Y.

Diastrophic dysplasia is a recessively inherited skel-
etal dysplasia affecting disparate regions of the skeleton
including the vertebrae (scoliosis) and the feet to cause
club foot. There is also a characteristic deformity of the
position of the thumb designated hitchhiker thumb. The
gene responsible has been mapped to 5q32–q33.1 and
identified as a sulfate transporter essential for the normal
formation of proteoglycans that form the cartilaginous
matrix (66).

B. Storage Diseases

1. Glycosidases and Sulfatases
A large number of storage diseases affect the skeleton,
many of them producing specific skeletal and nonskeletal
manifestations. Because the of the extensive effects on the
skeleton these disorders are grouped by the International
Nomenclature of Constitutional Disorders of Bone as
dysostosis multiplex.

The mucopolysaccharidoses are lysosomal storage
disorders in which mycopolysachaccharides accumulate
due to dysfunction in one of a number of degradative
enzymes. Skeletal abnormalities include widening and de-
formity of the diaphyses of tubular bones and in the spine,
kyphosis, vertebral beaking, and other abnormalities in
vertebral morphology. Affected patients may also have
cognitive impairment, visceromegaly, and involvement of
the joints, eyes, and ears.

Other lysosomal storage diseases that can affect the
skeleton include the glycoside deficiencies, fucosidosis
and the mannosidoses, the GM1 gangliosidoses, the sial-
idoses, and the mucolipidoses. The reader is referred to
the relevant articles in Online Mendelian Inheritance in
Man for a discussion of the definition, causes, and inher-
itance patterns of the individual syndromes as well as a
tabulation of the relevant original literature (40).

2. Osteoclast Dysfunction (Osteopetrosis)
Osteopetrosis describes a group of disorders of bone re-
sorption. In its severe form, manifestations are present at
birth and prove fatal during infancy or early childhood.
The inability to resorb and remodel bone prevents the for-
mation of the intramedullary spaces needed for hemato-
poiesis and inhibits the development of the cranial nerve
foramina in the skull. As a result affected babies are ane-

mic with massive hepatosplenomegaly due to the need for
extramedullary hematopoiesis in those organs. Those af-
fected are also often blind and deaf due to maldevelop-
ment of the foramina for the 2nd and 8th cranial nerves.

Children with severe, recessive osteopetrosis are vul-
nerable to a variety of pyogenic infections including ab-
scesses and osteomyelitis. Neutrophils, monocytes, and
lymphocytes from affected children lack the ability to
generated superoxide radicals, which are an important
component of the process of destruction of phagocytosed
micro-organisms (67). Affected infants may show bio-
chemical defects, particularly hypocalcemia due to a fail-
ure to mobilize bone from the skeleton and hypophospha-
temia due to associated secondary hyperparathyroidism.

One autosomal recessive form that has been well
characterized is the form associated with renal tubular ac-
idosis. Acid generation catalyzed by the enzyme carbonic
anhydrase is an essential part of successful osteoclastic
bone resorption. Absence of enzymic activity results in
osteopetrosis and, in the renal tubule, in systemic acidosis.
In this form of osteopetrosis the age of onset is higher
and severity of the osteopetrosis less than in the so-called
malignant infantile form described above. Recently mu-
tations in the CA2 carbonic anhydrase gene have been
identified in affected individuals. Other forms of osteo-
petrosis are much milder and may be noted during adult
life following fractures through abnormally sclerotic bone
or as an incidental finding on inspection of skeletal
x-rays (68).

Infantile osteopetrosis is inherited as an autosomal
recessive trait and is, therefore, commonly seen in con-
sanguinous families and within strongly inbred population
groups. Within recent years mutations in the osteoclast-
specific subunit of the vacuolar proton pump (TCIRG1)
have been identified in most, but not all, cases of severe
infantile osteopetrosis. A defect in the chloride channel
gene, CLCN7, has also been detected in some affected
children in whom linkage studies appeared to exclude in-
volvement of TCIRG1.

VIII. TREATMENT OF SKELETAL DISORDERS

A. Nutritional Rickets

The treatment of vitamin D deficiency rickets is to provide
adequate but not excessive replacement doses of vitamin
D. With the recommended daily allowance of vitamin D
in childhood at 400 IU (10 �g) we have found that four
to five times this dose (i.e., 1600–2000 IU/day) almost
always reverses the biochemical and structural changes of
vitamin D deficiency. Alkaline phosphatase may rise ini-
tially (the so-called flare effect) but after 24 weeks begins
to fall toward normal. This approach to treatment consti-
tutes a so-called diagnosis by therapy because unusual and
unexpected forms of resistance to standard doses of vi-
tamin D do not respond to replacement doses and then
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become the focus of more extensive investigations. Treat-
ment may be discontinued when all physical, radiological,
and biochemical fractures of rickets have been reversed
and the family counseled on dietary and lifestyle changes
that can provide the child with the recommended daily
allowance (RDA) of vitamin D.

One group of patients who do not respond to vitamin
D in doses of four to five times the RDA is that with
severe malabsorption syndrome. In such patients, vitamin
D should be given intramuscularly, using 100,000–
600,000 units. If the malabsorption cannot be reversed by
specific therapy, the dose can be repeated after some
weeks or months as biochemical indices of osteomalacia
begin to worsen again. Intramuscular vitamin D therapy
is less often used for children with straightforward nutri-
tional vitamin D deficiency. However, the technique still
has its advocates for cases where continued medical su-
pervision and patient adherence to the prescribed regimen
are uncertain (69). There is no need to use the hydrox-
ylated metabolites of vitamin D (calcidiol and calcitriol)
in the treatment of rickets caused by vitamin D deficiency.

Rickets due to calcium deficiency is being diagnosed
increasingly in developing countries in which many chil-
dren’s diets are deficient in this element. In a trial con-
ducted by Thacher et al. (4), 1000 mg/day elemental cal-
cium as an oral supplement, alone or in combination with
two intramuscular injections of vitamin D, was clearly
superior, over a 3 month interval, to treatment with vita-
min D alone.

B. Prevention of Nutritional Rickets

Vitamin D deficiency rickets can be prevented in healthy
children by permitting adequate exposure to sunlight and/
or by ensuring an adequate dietary intake of the vitamin.
Although the majority of the US population is believed to
receive most of its vitamin D from solar irradiation (70),
this may not apply to impoverished persons living in
crowded surroundings or to those immobilized by dis-
ability. To target these children and others who may be at
risk, the US government has ordered the fortification of
milk with vitamin D since the 1930s. In many other ad-
vanced countries this policy is not followed, and this dif-
ference in public policy may well account for the higher
incidence of vitamin D deficiency in the United Kingdom
and other European countries than in the United States.
Children who do not receive dairy milk may be at in-
creased risk for vitamin D deficiency unless they receive
adequate sunshine exposure. This includes infants and lac-
tose-intolerant, vegan, or other milk-averse individuals.
Formula-fed infants can be assumed to be receiving ade-
quate nutritional vitamin D. Breastfed babies, however,
can receive dietary vitamin D only insofar as the mother
is herself adequately nourished. Most of the infantile rick-
ets seen in the United States comes from this breastfed
group. Breastfed babies and milk-avoiding growing chil-

dren should receive vitamin D supplementation according
to the RDA, which is 400 IU.

Although US Food and Drug Administration guide-
lines specify that milk should be fortified with 400 IU per
quart (900 ml), reports from Holick and colleagues have
shown that many milk samples are inadequately or far too
heavily fortified (71). In some cases this has led to vitamin
D intoxication and consequent hypercalcemia in heavy
drinkers of milk.

The use of calcium fortification to prevent calcium
deficiency rickets in children at risk from this deficiency
has received considerable recent attention.

C. Pseudodeficiency Rickets

Pseudodeficiency rickets is caused by the inability to hy-
droxylate calcidiol (25-hydroxivitamin D) at the 1-� po-
sition. Since the product of this reaction, the active me-
tabolite of vitamin D, calcitriol, is readily available as a
therapeutic agent, simple substitution therapy is possible
and has been reported to be fully effective in replacement
dosages of 0.5–2.0 ?g/day (72).

D. Calcitriol Receptor Defects

Carefully conducted therapeutic trials have shown that the
osteopathy of vitamin D dependency type II can be
sharply improved by the intravenous infusion and/or oral
administration of calcium (17). The dosages used by
Hochberg et al. were high (3.5–9 g elemental calcium/
m2/day) but the treatment was effective in restoring serum
calcium levels, reducing deformities, and accelerating lin-
ear growth.

E. Familial Hypophosphatemic Rickets

The aims of treatment in familial hypophosphatemic rick-
ets (FHR) are to reduce deformity and optimize statural
growth while minimizing the side effects of therapy. The
recognition that FHR is primarily a disease of phosphate
wasting led Glorieux et al. (73) to propose a regimen of
high-dosage phosphate replacement. Such regimens form
the mainstay of modern treatment and are always supple-
mented with a vitamin D preparation, usually calcitriol.

Phosphate is given as a soluble buffered sodium and/
or potassium salt. The dosage is calculated in terms of
elemental phosphorus and ranges from 0.5 to 1.5 g/day
depending on the size of the patient. Emphasis was placed
on the need to space doses as widely as possible over 24
h to maximize the period over which phosphate concen-
trations are enhanced. One of the major untoward effects
of this treatment is hyperparathyroidism, which is unusual
in untreated XLH (although the author has observed
asymptomatic cases) but common during treatment.
Rarely this has necessitated parathyroidectomy (74). Ev-
idence that hyperparathyroidism may be exacerbated at
night has led to the suggestion that a nocturnal dose of
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phosphate not be given. Calcitriol is given for two rea-
sons. First, even though calcitriol levels are generally nor-
mal in untreated FHR, additional supplementation may
promote skeletal mineralization. Second, hyperparathy-
roidism is minimized by the additional intestinal calcium
absorption that follows calcitriol supplementation. There
is some evidence that another vitamin D metabolite, 25,25
dihydroxyvitamin D, might be effective in suppressing
parathyroid hyperfunction (75) but, this treatment is still
experimental.

Treatment is monitored biochemically by measuring
serum alkaline phosphatase levels (the most readily ac-
cessible marker of bone turnover), urinary calcium excre-
tion, and PTH levels. In affected children, alkaline phos-
phatase levels should be below the pediatric upper limit,
with high levels generally indicating active osteomalacia
and requiring higher doses of phosphate. Urinary calcium
and PTH measure opposite ends of the spectrum of de-
sirable calcitriol supplementation. This should be in-
creased (and/or the phosphate decreased) if PTH is ele-
vated and decreased if urinary calcium excretion is
excessive (above 4 mg/kg/day). Occasionally it is impos-
sible to find a therapeutic combination that achieves all
these goals.

Nephrocalcinosis and occasionally nephrolithiasis oc-
cur frequently in affected children. These renal changes
are probably consequences of excessive urinary calcium
excretion during therapy (76); they rarely lead to signifi-
cant renal glomerular impairment. Thiazide diuretics,
which reduce urinary calcium excretion, have been used
to reduce the chance of renal damage from hypercalciuria,
but they are not widely used in treatment.

The results of treatment of FHR have been surpris-
ingly controversial. Most modern authors are convinced
that deformity is reduced and, perhaps less confidently,
that treatment leads to improved adult stature. A trial of
human growth hormone showed improvement in growth
velocity but a worsening in alkaline phosphatase levels,
reflecting activity of the rickets. The characterization of
the genes and their products responsible for XLH and
ADHR may eventually lead to the design of more rational
therapy directly targeted at the cellular cause of the phos-
phaturia.

F. Hypophophatasia

Despite the tremendous progress in understanding the mo-
lecular and enzymological pathogenesis of this disease,
there are as yet no specific therapies for hypophospha-
tasia.

G. Childhood Osteoporosis

Childhood osteoporoses are rare and their causes are mul-
tifactorial; therefore, a variety of treatment modalities
needs to be adopted. As in many rare conditions, it has
often proved impractical to prove the efficacy of specific

treatments in clinical trials. General approaches include
reversal of the cause if known, for example, reducing ste-
roid dosage in steroid osteoporosis and replacing gonadal
hormones in osteoporosis due to hypogonadism. As in
adult osteoporosis, the administration of calcium supple-
ments is generally held to be helpful.

In recent years there has been strong interest in the
use of bisphosphosphonates such as palmidronate (77),
given intravenously, and alendronate (78) and residronate,
given orally. The reader should note that little published
literature on the topic relates to controlled clinical trials
and that much remains to be learned about the safety,
efficacy, and optimal dosing regimens involved in the use
of these agents.

H. Osteogenesis Imperfecta

Treatments including fluoride, vitamin D, calcitonin, and
zinc have been proposed for OI, but there is no evidence
that any are able to lessen the skeletal fragility. Recently
it has been shown that bisphosphonates, particularly
pamidronate (mean dosage of 6.8 mg/kg intravenously
every 4–6 months) can alleviate bone pain and reduce the
incidence of fractures in children with osteogenesis im-
perfecta (79). Conservative treatment and orthopedic cor-
rection continue as the mainstays of therapy in OI.

I. Osteopetrosis

The close relationship between the osteoclast line and cel-
lular components of the immune system have led to at-
tempts to treat affected children with compatible bone
marrow grafts, where available (80). This method of treat-
ment is still regarded as optimal, but treatment may not
be available if a suitable donor cannot be found and still
carries a high risk of failure when performed (81). Other
forms of treatment include the use of interferon gamma,
which can normalize superoxide production in affected
osteoclasts, and high dosages of calcitriol.
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I. INTRODUCTION

Relative to glucose homeostasis, the neonate is considered
to be in a transition between the complete dependence of
the fetus and the complete independence of the adult. The
neonate must become independent after birth, balancing
between glucose deficiency and excess to maintain eugly-
cemia. The dependence of the conceptus on the mother
for continuous substrate delivery in utero contrasts with
the variable and intermittent exogenous intake orally that
is the hallmark of the neonatal period and beyond. The
maintenance of euglycemia especially in the sick/or low-
birth-weight neonate is difficult. This is especially true in
so-called micropremies (birth weight �1000 g), who rep-
resent a majority of the patient days in the neonatal in-
tensive care nursery (1). Maturation of neonatal homeo-
stasis is influenced by the integrity of the specific
pathways of intermediary metabolism important in glu-
cose metabolism. The heterogeneity that is the hallmark
of neonatal glucose metabolism is illustrated by the mul-
tiplicity of conditions producing or associated with neo-
natal hypo- and hyperglycemia. This reinforces the con-
cept that the neonate is vulnerable to carbohydrate
disequilibrium. This topic has been the subject of a num-
ber of recent evaluations (2–7).

II. NEONATAL EUGLYCEMIA
AND HYPOGLYCEMIA

A prime example of the heterogeneity that exists in neo-
natal glucose metabolism is that there are no uniform stan-
dards accepted for specific limits for euglycemia. It is well
accepted that glucose is the major substrate for carbohy-

drate metabolism. At birth the maternal supply of glucose
to the neonate ceases abruptly. Although the neonatal
plasma glucose concentration is usually in the normogly-
cemic 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 intravenous
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)
(n = 14) or glucose (Ringer’s lactate � 5% dextrose) (n
= 15) as a bolus infusion during anesthesia for elective
cesarean section (8). Blood samples for plasma glucose
and insulin concentrations were taken prior to intravenous
fluid administration and at the time of delivery. Corre-
sponding samples were taken from the neonate’s umbilical
vein and artery at 30 min and hourly after birth for 4 h.
As noted in Figure 1, all mothers and infants receiving
glucose had hyperglycemia and hyperinsulinemia at deliv-
ery. The neonatal plasma glucose concentration declined
rapidly during the first 4 h of life. With one exception all
neonates evidenced 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 intravenous infusion adminis-
tered at delivery.

After normal delivery, the plasma glucose concentra-
tion declines to approximately 50 mg/dl by 2 h of age,
but equilibrates at approximately 70 mg/dl at 72 h after
birth. Cornblath and Reisner have evaluated the blood glu-
cose concentration over time in an old but classic analysis
of both term and relatively low birth weight neonates (9).



542 Farrag and Cowett

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. V, umbilical venous; A, umbilical arterial samples; (n), number of
determinations. (From Ref. 8.)

Their data suggested that concentrations below 40 mg/dl
or greater than 125 mg/dl are abnormal after 3 days after
birth. Critical adjustments are required by the neonate in
the first 72 h after birth to maintain glucose homeostasis.

Srinivasan et al. evaluated plasma glucose concentra-
tions in normal full-term neonates who weighed between
2500 and 4000 g and were appropriate for age between
37 and 42 completed weeks of gestation (10). The pre-
dicted glucose concentrations during the first week of life
are noted in Figure 2. All neonates were fed after 3 h.
The data indicated that the nadir in plasma glucose con-
centration is between 1 and 2 h and that a significant rise
occurs during the third hour. The mean glucose concen-
tration in this study ranged from 50 to 80 mg/dl during
the first week of life.

No similar evaluation of the limits of euglycemia has
been reported for the preterm neonate. This difficult study
is clearly necessary because of the general lack of con-
sensus that exists relative to definition of euglycemia.
What should be apparent from this discussion is the var-
iation not only in the definition of euglycemia but also in
the so-called normal concentration of glucose at any par-
ticular time. An obvious example of this latter situation is

noted in Figure 3. In the four types of neonates commonly
cared for in a neonatal unit, term appropriate for gesta-
tional age (AGA), term small for gestational age (SGA),
preterm AGA, and preterm SGA, plasma glucose concen-
tration changed constantly and in an apparent random
fashion (11). This chapter will catalog the various causes
of hypoglycemia as well as the mechanisms controlling
neonatal glucose homeostasis.

A. Definition of Hypoglycemia in the
Human Neonate

Although hundreds of papers in the literature focus on the
subject of neonatal hypoglycemia, this topic remains con-
troversial. Areas of disagreement involve definition,
method/site of sampling, symptoms, significance of
asymptomatic status, management, and its effect on neuro-
developmental outcome (12, 13). Koh et al., who sur-
veyed the definition of hypoglycemia in pediatrics text-
books as well as the opinion of over 200 consultant
pediatricians in the United Kingdom, considered the con-
troversy relative to the definition (14). They documented
substantial variation in the definition of hypoglycemia not
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Figure 2 Plasma glucose concentrations in term neonates weighing 2.5–4.0 kg. (From Ref. 10.)

only among the pediatricians surveyed but also among
caregivers within the same nursery.

One can postulate four possible approaches to the def-
inition of hypoglycemia in the neonate: statistical, clinical,
neurophysiological, and neurodevelopmental.

First, from a statistical standpoint, if a normally dis-
tributed curve of glucose concentration exists for the
healthy term and preterm neonate, a glucose concentration
less than 2 standard deviations of the mean would repre-
sent hypoglycemia. In 1965 Cornblath and Reisner re-
ported the data that prevailed in this regard for many years
(9). Ninety-five percent of the term neonates in that report
had blood glucose concentration >30 mg/dl while 98% of
the preterm infants had values >20 mg/dl. Hypoglycemia
in the preterm neonate (birth weight [BW] <2.5 kg, in

1965) was defined as blood glucose concentration <20
mg/dl.

Other studies have tried to establish norms for eugly-
cemia in the neonate. Many studies reported concentra-
tions higher than those reported by Cornblath et al. (10,
15). These reports suggested that an average lower limit
of 95% CI for neonatal blood glucose concentration is
probably 	45 mg/dl. However, generalization 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
concentration is up to 18% higher than that of the blood)
(13); feeding schedules (i.e., early vs. late feeding);
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Figure 3 Plasma glucose concentration for the four groups of neonates studied during the first 9 h of life. (From Ref. 11.)

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 concentration in formula-
fed neonates) (16); cross-sectional vs. longitudinal design;
and other metabolic fuels provided at the time of the
study, among other issues.

Marconi et al. reported fetal glucose concentration
obtained during cordocentesis using venous blood sam-
ples (17). We can extrapolate from the data obtained at
different gestational ages that venous blood glucose con-
centrations ranged from 54–108 mg/dl (Fig. 4). That
study is probably of greater importance and relevance to
the healthy neonate both term and preterm. It is clear that
blood glucose concentration was rarely less than 54 mg/
dl. This is in agreement with venous cord blood concen-
trations reported from the neonate by Hawdon et al. that
were greater than 47 mg/dl (18).

Second, a clinical approach considers a glycemic con-
centration to be safe, if clinical symptoms associated with
hypoglycemia (Table 1) are not observed, or if these

symptoms have disappeared at that concentration. A clas-
sic report, published in 1959 and based on this definition,
continues to be influential in clinical practice currently. In
that report clinical manifestation of hypoglycemia (i.e.,
including tremors, irritability, limpness, apnea, seizures,
and coma) were observed at a glucose concentration <25
mg/dl and resolved by increasing the blood glucose con-
centration to >40 mg/dl (19).

There are many concerns with this approach includ-
ing the observation of extremely low blood concentrations
in asymptomatic neonates, especially after glucose screen-
ing became a routine clinical practice. If we accept the
argument presented in that analysis, we should then con-
sider these extremely low blood glucose concentrations,
as observed in the asymptomatic neonates, to be accept-
able. 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 evaluate the avail-
ability of other energy substrates to the neonate that may
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Figure 4 Umbilical venous glucose concentrations (UMB VENOUS CONC) and gestational age for AGA pregnancies (n =
77). Dashed lines, mean � 2 SDs of fetal glucose concentration during pregnancy. Glucose concentrations are noted in
mmol/L. Each mmol/L of glucose = 18 mg/dl. (From Ref. 17.)

Table 1 Signs and
Symptoms Associated with
Hypoglycemia in the Neonate

Apnea
Bradycardia
Cyanosis
Tachypnea
Abnormal cry
Hypothermia
Hypotonia
Lethargy
Apathy
Jitteriness
Seizures

compensate for the lower glucose concentration. The
availability of other substrates may have a protective ef-
fect on the brain.

Third, a neurophysiological definition of hypoglyce-
mia has been introduced, based on alteration of neuro-
physiological functions relative to different glycemic con-
centrations. 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 obliga-
tory 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 grad-
ually increased until wave 5 disappeared. Restoration of
wave 5 was documented when hypoglycemia was cor-
rected; however, it took a few hours in some instances
before this restoration was achieved. Among the 17 chil-
dren 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 (EEG) signals as well
as visual evoked potential (21, 22). Future research in the
neurophysiological field evaluating electrical signals of
different areas of the brain and utilizing other available
methodology (e.g., near-infrared spectroscopy or positron
emission technology) should be of great value and interest
in the future.

Fourth, an approach can be based on neurodevelop-
mental outcome of the neonate relative to symptomatic or
asymptomatic hypoglycemia. The study reported by Lucas
et al. provides the most helpful information in this area
(23). In their study 661 neonates, all preterm, were eval-
uated at 18 months of age for neurodevelopmental out-
come. Bayley motor and mental developmental scores
were blindly assigned to the infants and then these scores

were correlated with their neonatal glycemic concentra-
tions. Data were adjusted for gender, gestational age, birth
weight, 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 concentration <47 mg/
dl for a period of time ranging from 3 to 30 days. They
found the highest regression coefficient at plasma glucose
concentration <47 mg/dl. A more important finding was
that if hypoglycemia (level <47 mg/dl) existed for 5 or
more consecutive or separate days, the risk of neuro-
developmental deficit (scores <70) significantly increased,
regardless of the severity of hypoglycemia during that
time. They also suggested that even at lower blood glu-
cose concentration, transient hypoglycemia was tolerated
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better than prolonged and milder forms of this disequilib-
rium.

These data reflect the relative inability of the clinician
to diagnose hypoglycemia in the neonate. 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 54–108 mg/dl
may represent a more desirable euglycemic range for the
term and preterm neonate including the micropremie.

B. Measurement of Neonatal
Glucose Concentration

Problems in the definition of euglycemia are accentuated
by the lack of attention given to details of measurement
of neonatal glucose concentration. Failure to measure the
glucose concentration rapidly enough would allow red
blood cell oxidation of glucose, resulting in falsely low
values. A number of centers previously use the Dextrostix
technique, which was thought to be reliable if directions
were followed carefully. However, the company cautioned
that the reagent strips were not intended for use with neo-
natal blood. This point is moot since 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 cor-
roborated with laboratory determination of glucose con-
centration prior to correction of the suspected disequilib-
rium, 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. Frantz et al. (24) reported that the
Dextrostix test strip was able accurately to identify blood
glucose concentrations of <50 mg/dl. However, they used
fresh heparinized blood from adults to evaluate reliability,
which may not be applicable to the neonate. Perelman
et al. (25) evaluated rapid glucose determination in the
neonate, comparing the Dextrostix Ames Meter, Chem-
strip bG test strip, and Stat Tek Meter methods with a
glucose analyzer. The investigators concluded that there
was modest accuracy in estimating whole blood glucose
concentration. They suggested that confirmation by con-
ventional laboratory techniques was necessary before ther-
apeutic intervention. Wilkins and Kaira (26) compared
blood glucose test strips for the detection of neonatal hy-
poglycemia. In 101 blood samples, results of three glucose
test strip methods were compared with a laboratory de-
termination of glucose concentration. Two test strips (BM
test glycemic 20-800 test strips and the Reflecto-Test hy-
poglycemia test strips) gave rapid and reliable estimates,
but Dextrostix test strips tended to overestimate all blood
glucose concentrations.

Conrad et al. (27) suggested that the Glucostix, the
Dextrostix, and the Chemstrip bG test strips were rela-
tively unreliable, with r values of 0.73, 0.74, 0.83, re-
spectively, compared with the YSI analyzer in tests of 104

neonatal blood samples obtained by heelstick. They tested
one glucose reflectance meter (the Glucometer M), which
had an r value of 0.73 when correlated with the YSI an-
alyzer. The investigators suggested that the YSI analyzer
should be used preferentially in the determination of blood
glucose concentration in the neonatal intensive care unit.

Lin et al. evaluated four glucose reflectance meters in
use at the time of their study (28). The manufacturers
claimed that these meters could reliably measure whole
blood glucose concentrations as low as 20 mg/dl. To de-
termine whether the accuracy of the determination would
be affected by the technique of obtaining capillary blood
by heelstick, 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 heelstick blood
whether one evaluated the percentage of difference be-
tween the means or the least-squares regression for all the
meters tested. The use of cord blood appeared to be as-
sociated with greater accuracy than the use of capillary
blood obtained by heelstick in the analyses. The reason
for the poor correlations with capillary samples and the
high variability in the values of blood glucose concentra-
tions remains unclear. There was no relationship between
accuracy and reliability of the various glucose reflectance
meters. The Diascan S meter, which seemed to have ac-
curacy 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 reli-
ability 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 con-
centration with values obtained by Chemstrip bG (29).
The diagnostic sensitivity of a test strip �40 mg/dl to
predict a serum glucose concentration �34 mg/dl was
86% with 78% specificity. The positive predictive value
with a 21% prevalence of serum glucose �34 mg/dl was
52% with a negative predictive value of 95%. Fifty-eight
of the serum glucose concentrations were �34 mg/dl and
the strips reported values greater than 40 mg/dl in eight.
The investigators concluded that more sensitive and spe-
cific methods are required for the neonate.

As noted above, it is important to remember that the
blood glucose concentration is usually 10–15% lower
than the corresponding plasma glucose value. Finally, care
must be taken when the test is performed because erro-
neously high values can be caused by isopropyl alcohol
mixing with the blood on the strip that is read by reflec-
tance colorimetry (30).
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III. GLUCOSE METABOLISM

A. Methods of Evaluation

Metabolic research in the human neonate is generally lim-
ited by several basic ethical constraints, as discussed in a
recent review (31). First, the studies must be noninvasive
or minimally so. Second, blood samples should be invar-
iably small, particularly those obtained from the very-low-
birth-weight neonate. Third, given the limited direct ac-
cess to most organ systems, the approaches used must
allow extrapolation from the sampled data to events oc-
curring in otherwise inaccessible areas. Fourth, the max-
imal 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 methodolog-
ical advances in the field. Kinetic studies 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 tracer are measured simultaneously with high pre-
cision and that minimizes measurement errors. The sam-
ple size required for the measurement is small, compared
to other analytical methods, which is a major advantage
in studies performed in the neonate.

Kinetic studies have been used to evaluate glucose
production and utilization (32–34), gluconeogenesis (35),
oxidative and nonoxidative disposal of glucose (36–39),
insulin sensitivity via the euglycemic hyperinsulinemic
clamp (40), as well as other aspects of glucose energy
metabolism especially during total parenteral nutrition in
the human neonate (41).

B. Evaluation of Hepatic Glucose Production

During kinetic studies utilizing stable isotopic methodol-
ogy, glucose infusion, glucose absorbed from the gastro-
intestinal 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 produc-
tion, primarily from the liver.

Measurement of the true rate of glucose production
usually gives a good estimate of glucose requirement of
the body and the rate of its utilization under basal con-
ditions (42). To measure the true rate of endogenous glu-
cose production, the neonate has to be fasted for at least
3 h 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 very slow rate. In investigations involve
the micropremie (birth weight = 1000 g) the endogenous

glucose production rate under basal conditions cannot be
measured for obvious ethical considerations. The rate of
glucose infusion, glycemic concentration achieved and the
pancreatic �-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 endog-
enous glucose production rate response to plasma-insulin
concentration, glycemic concentration and, correspond-
ingly, to the rate of glucose infused, is probably secondary
to many of these issues (43).

Our laboratory as well as others has previously dem-
onstrated, 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 hu-
man neonate (i.e., 4 to 7 mg/kg/min) (32, 33, 44). De-
velopmentally this in marked contrast with the adult, in
whom glucose production can be suppressed when glu-
cose 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) (45–48). Other investigators have sug-
gested that plasma glucose 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 (49, 50).

When the results of glucose kinetics studies in three
groups of neonates (i.e., the AGA term, the SGA term and
the low-birth-weight [LBW] preterm neonate) were com-
bined, Kalhan et al. reported a linear and negative corre-
lation between plasma glucose concentration and endog-
enous glucose production (33). Complete suppression of
glucose production was not achieved in their study.

Zarlengo et al. used the hyperglycemic clamp tech-
nique in a group of LBW neonates to evaluate the effect
of glycemic concentration on the rate of glucose produc-
tion (50). They reported complete suppression of glucose
production at a plasma glucose concentration of �75 mg/
dl. An average glucose infusion of 8.7 mg/kg/min was
used in that study.

We have previously studied, in a comparable group
of neonates, the glucose production response to three dif-
ferent glycemic concentrations (150, 200, and 250 mg/dl)
utilizing the hyperglycemic clamp technique (51). A sig-
nificant reduction in the rate of endogenous glucose pro-
duction 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
glycemic 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 (49). They reported a
reduction in endogenous glucose production at moderate
glucose infusion rate. Complete suppression of glucose
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Figure 5 Glucose production rate for each neonate and adult during saline or glucose infusion. (From Ref. 32.)

production was achieved at a relatively high glucose in-
fusion 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 �30 weeks gestation (44). They reported a persistent
glucose production during glucose infusion at two con-
secutive 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 significant correlation was found between glu-
cose production and plasma insulin concentration but not
with glucose concentration. The investigators suggested
that insulin plays more important role in the control of
endogenous glucose production.

In two groups of smaller AGA neonates (gestational
age [GA] 25–27 weeks), Farrag et al. demonstrated per-
sistent glucose production when glucose was infused at
both 4 and 8 mg/kg/min (work in progress). There was
no significant correlation between endogenous glucose
production and either glycemic concentration or plasma

insulin concentration. At the higher glucose infusion rate
(8 mg/kg/min) the rate of endogenous glucose production
was almost double that reported by Sunehag et al. This is
in agreement with the data reported by Keshen et al. and
demonstrated a negative correlation between glucose pro-
duction rate and body weight in the VLBW neonate (35).
Table 2 summarizes the results of these three studies.

Although there are differences among the data sets
(in weight, gestational age, glycemic concentration, and
rate of glucose infused) there is a general agreement that
the neonate is able, at least partly, to decrease his or her
rate of endogenous glucose production when receiving
glucose infusion. However, there is no agreement as to
whether glycemic concentration plays a more important
role, in the control of hepatic glucose production, than
plasma insulin concentration or vice versa.

Relative to the effect of insulin on glucose produc-
tion, Farrag et al. also reported in the preterm neonate that
endogenous glucose production persisted during a wide
range of insulin infusion rates (Fig. 6) (40). In that study
the investigators applied the euglycemic hyperinsulinemic
clamp technique, for the first time, to evaluate insulin sen-
sitivity in the human neonate. When insulin was infused



Hypoglycemia in the Newborn 549

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)

49 854 � 51 GIR1 = 6.2 � 0.4
GIR2 = 9.5 � 0.5

113 � 12
136 � 15

1.67 � 0.45
0.32 � 0.07

44 976 � 262 GIR1 = 1.7 � 0.2
GIR2 = 6.5 � 0.3

65 � 20
110 � 23

4.3 � 1.3
1.4 � 1.1

Farrag et al.,
in progress

708 � 39
677 � 39

GIR1 = 4.0 � 0
GIR2 = 8.0 � 0

58 � 9
83 � 13

3.0 � 0.8
2.5 � 1.0

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. (From Ref. 40.)

at rates that ranged from 0.5 to 4.0 mU/kg/min, that re-
sulted in physiological and pharmacological plasma in-
sulin concentrations (i.e., ranged from 10 to 89 �U/ml),
only a reduction of 41–58% of preinsulin glucose pro-
duction rate was achieved. In a subsequent study this con-
cept was noted to be true for the term, as well as the
smaller preterm neonate (28–31 weeks gestation) imme-
diately after birth and in the same preterm neonate when
restudied after the conclusion of the neonatal period
(�28 days of age) (52). In that study endogenous glucose
production was comparably reduced by 36–60% 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 lab-

oratory as well as others has demonstrated complete sup-
pression of glucose production, in the adult, at low plasma
insulin concentration and/or minimal insulin infusion rate
(32, 45).

Many factors are known to play an important role
in glucose homeostasis: glucose infusion rate, glycemic
concentration, insulin, and contrainsulin-regulatory hor-
mones. 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 (53, 54).
This concept is clearly important in the transition, in the
regulation of glucose homeostasis, from the complete de-
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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

pendence of the fetus to the complete independence of the
neonate in the immediate neonatal period (43). 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 af-
terwards (13, 55). There is also evidence that this pat-
tern of neonatal glucose homeostasis is consistent with the
ontogeny of the glucose transporters (i.e., Glut 2) that oc-
curs both at the hepatocyte and at the pancreatic �-cell
(56).

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 glucose may be of physiological
relevance in the human neonate. It is clearly important to
ensure adequate glucose delivery to the brain under dif-
ferent metabolic circumstances. This may be of particular
importance for the neonate who lacks the autonomy to do
so during this critical stage of his or her development.
The ontogeny of this process requires further evaluation
at both the physiological and molecular levels. The de-
velopmental switch to an adultlike response, as has been
demonstrated in some of its aspects, most probably re-
quires maturation past the neonatal period (52, 55, 57).

C. Evaluation of Glucose Utilization

It is important to recognize that glucose is utilized by a
variety of tissues with different metabolic characteristics
(45, 47). First, there are tissues that utilize glucose inde-
pendent of insulin (e.g., brain). Second are tissues that
increase their glucose utilization with increments in
plasma glucose concentration independent of increments
in insulin concentration (e.g., liver, gut and the red blood
cell). Third are tissues dependent on insulin for glucose
utilization (e.g., adipose tissues, skeletal and cardiac mus-
cles). It is also important to recognize that these tissues

host different glucose transporters (GLUTS) that are ex-
pressed in a tissue-specific pattern (Table 3).

The factors that control the gene expression and func-
tion of these transporters probably dictate the metabolic
characteristics of the corresponding host tissue (58, 59).
The ontogeny of these transporters within any given tissue
can explain some of the developmental differences be-
tween the neonate and the adult. GLUT-1 is the predom-
inant isoform of the fetus; it is found in virtually all tis-
sues (60–62). It has a very high affinity for glucose and
can effectively transport glucose to organs across the
blood–tissue barrier. This may be crucial to meet the en-
ergy requirement of the fetal tissues during this stage of
rapid growth and differentiation. After birth GLUT-1 de-
creases and other isoforms such as GLUT-2 in the liver,
GLUT-3 in the brain, and GLUT-4 in the muscle increase
(63–67).

There are two facilitative glucose transporters in-
volved in the brain uptake of glucose. GLUT-1 is primar-
ily responsible 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 studies
suggests that GLUT-1 is downregulated by high glucose
concentrations while GLUT-3 is not (65, 68). There is
otherwise little information available relative to the reg-
ulation of GLUT-3. Insulin regulates the expression of
GLUT-4 in insulin-sensitive tissues such as adipose tissue
and skeletal and cardiac muscle (58). The effect of insulin
is rapid and reversible because it primarily translocates
intracellular vesicles of glucose transporters to the plasma
membrane (69). This step can be rate-limiting for insulin
induced glucose uptake under most conditions (70, 71).
Except for GLUT-1, which is abundant in fetal life and
decreases after birth, some of the other transporters appear
to be developmentally regulated. They are found in fetal
tissues in smaller amounts that increase after birth and
reach adult levels later in life (62, 63, 67, 72).
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Figure 7 Percentage decrease in endogenous glucose production (A) and percentage increase in glucose utilization (B) sub-
divided 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. (From Ref. 40.)

On the physiological level there is an agreement that
neonatal glucose utilization positively correlates to in-
crease of glucose infusion, glycemic concentration, as
well as plasma insulin concentration (40, 49, 50). How-
ever, it is not clear when this positive correlation would
reach plateau in response to each of these factors. In the
larger preterm neonate we have demonstrated that endog-
enous glucose production is sensitive to low insulin con-
centration, reaches plateau quickly, and then becomes
nonresponsive to higher insulin concentrations (Fig. 7)
(40). Relative to glucose utilization, although we estab-
lished a strong positive correlation between insulin con-
centration and glucose utilization, a plateau was not
reached with insulin infusion up to 4.0 mU/kg/min that
resulted in a plasma insulin concentration of 89 �U/ml
(Fig. 8) (40).

In a comparable group of neonates, we have recently
demonstrated that glucose utilization was not significantly
different among three groups of neonates evaluated at
three glycemic concentrations: 150, 200, and 250 mg/dl

(51). We utilized the hyperglycemic clamp technique in
that study. To achieve these glycemic concentrations, glu-
cose 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 neonates there was no added benefit, in term of
glucose utilization (i.e., glucose utilization reached pla-
teau), 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.

D. 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 his or her energy me-
tabolism. Glucose is generally utilized by either a non-
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Figure 8 Regression plot correlating the percentage increase in glucose utilization relative to plasma insulin concentration in
the neonate. (From Ref. 40.)

oxidative or an oxidative disposal (43, 73). Nonoxidative
disposal represents glucose utilized for structural or en-
ergy-storage purposes. Only glucose utilized by oxidative
disposal will contribute to the energy expenditure of the
neonate (73, 74). In the preterm neonate, van Goudoever
et al. evaluated the contribution of glucose oxidation to
total energy expenditure at glucose infusion rate of 4 mg/
kg/min (75). They found that glucose was oxidized at a
rate 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 neo-
nate while receiving total parenteral nutrition reported ox-
idation of up to 65% of total glucose utilized (38, 76).
Since 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 he or she can adapt to pro-
gressive increases in the amount of glucose infused with
corresponding increases in the rate of glucose oxidation
(77). This knowledge will assist clinically in determina-
tion of the optimal rate of glucose infusion, which is the
rate appropriate to the neonate’s capacity to oxidize glu-
cose.

To answer some of the above questions, we evaluated
glucose utilization, both oxidative and nonoxidative, in
the preterm neonate (57). We also wanted to determine if
hyperglycemia is partly related to diminished glucose ox-
idation 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,
respectively. This was done over the range of glucose in-
fusion commonly provided clinically in neonatal intensive
care units (i.e., 4–8 mg/kg/min). We compared the data
obtained within the first 4 days after birth to those ob-
tained from the same neonate at a postnatal age of at least
1 month at the same glucose infusion rates. Thus, we
could evaluate the developmental contribution of glucose
utilization, both oxidative and nonoxidative, to glucose
metabolism in the micropremie.

In that study, we established a significant linear and
negative correlation between glycemic concentration and
the percentage of glucose utilized by oxidation. We also
found that the percentage of glucose oxidized was signif-
icantly higher in the immediate neonatal period (	68%)
than that oxidized at about 5 weeks of life (	47%) by the
same neonate. This was true at both glucose infusion rates
with each micropremie serving as his or her own 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 glu-
cose was infused at a rate of 8.0 vs. 4.0 mg/kg/min. We
found that the preterm neonate was 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 contri-
bution 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 concentration
averaged 83 � 14 mg/dl (mean [M] � standard error of
the mean [SEM]) (57).
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These results should encourage the use of glucose
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 h. The clinical practice of using as low a glucose in-
fusion rate as possible in the preterm neonate to avoid
hyperglycemia limits energy intake not only from glucose
but also from fat and protein, since the composition of
parenteral alimentation is usually administered propor-
tionally (54). Hyperglycemia did not result from the rates
of glucose infusion employed in these studies. However,
the addition of fat and/or amino acids can increase the
risk of this complication (41, 78). The risk of hypergly-
cemia should be weighed against the benefit of providing
adequate energy, especially when insulin infusion has
been shown to improve peripheral glucose utilization and
enhance glucose tolerance significantly in the preterm
neonate (40, 79).

We found nonoxidative disposal to be significantly
higher in the older neonates when they were studied after
the conclusion of the neonatal period (the late study) com-
pared to themselves when they were studied in the im-
mediate neonatal period (the early study). It is important
to recognize that the metabolic state of the neonate is dif-
ferent during these two periods. Early after birth the ca-
loric intake of the micropremie is insufficient to satisfy
his or her energy expenditure, since he or 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 or
she will be in an anabolic state.

The nonoxidative disposal of glucose represents its
utilization by different metabolic pathways (43, 73, 80).
In an anabolic state lipogenesis is a major route for non-
oxidative disposal (38). Other nonoxidative pathways for
glucose may include glycogenesis, cycling in the pentose
phosphate pathway, and/or formation of a carbon skeleton
for amino acids (73, 74, 76). The extrauterine develop-
mental 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 sig-
nificant increase in the contribution 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.

IV. CLINICAL ASSESSMENT

A. Incidence

It is not surprising that variations in the estimated inci-
dence of hypoglycemia exist in the neonatal literature.
Different reports vary relative to populations, definitions,
screening methods, clinical status, as well as strategies for
nutrition and fluid management. The incidence ranges
from 7 to 57% based on these variations (13).

B. General Pathophysiological and
Metabolic Considerations

The close relationship between maternal and fetal glucose,
the repetitive occurrence of wide swings of neonatal glu-
cose concentration, and the retarded disappearance of an
acute glucose load in both term and preterm neonates in-
dicate that the regulation of neonatal carbohydrate metab-
olism is poorly developed 72 h after birth (81). The birth
process brings the necessity of a period of readjustment
to allow subsequent control. In the low-birth-weight neo-
nate especially, this adjustment is delicate and may result
in abnormal consequences. We have already discussed the
difficulties in the definition of hypoglycemia. One of the
main clinical difficulties with the definition is the nonspe-
cific symptoms, which include the signs and symptoms
listed in Table 1. These difficulties are compounded by
the occurrence of symptoms at different concentrations of
blood glucose in different neonates and the lack of a uni-
versal threshold below or above which symptoms may
occur (2, 7).

During steady-state glucose metabolism, glucose pro-
duction equals glucose utilization and glycemic concen-
tration is maintained within a narrow range. A simplistic
approach will attribute hypoglycemia to decreased glucose
production and/or increased glucose utilization. As dis-
cussed 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 pro-
duction via glycogenolysis as well as gluconeogenesis are
intact in the term and preterm neonate (43). It is also
recognized that the glycogen stores are limited in the pre-
term neonate as glycogen accumulation primarily takes
place in the third trimester (13, 43, 54). Based on that,
gluconeogenesis 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 concentration as
well as the elevation of cortisol concentration, catechol-
amines, and glucagon, favors the induction of gluconeo-
genesis. Of course the clamping of the cord and the ter-
mination of maternal glucose supplementation initiate and
enhance these changes. The time necessary to induce and
transcript the involved enzyme’s protein of gluconeo-
genesis, in metabolically functioning amounts (about 2 h),
coincides with the clinical observation that the lowest
blood glucose concentrations in the neonate were mea-
sured between 1–2 h after birth. The absence of stored
glycogen in the low-birth-weight neonate makes hypogly-
cemia 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 investigations have concluded
that up to 90% of the glucose produced is utilized by the
brain, via oxidation (82). Other investigations conclude
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that the entire amount of glucose oxidized, in the term
neonate, is insufficient to satisfy brain glucose require-
ments (83). There is evidence that the neonatal brain uti-
lizes other metabolic substrates soon after birth, including
lactate and ketones (73, 84–86). 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 substrates (e.g., ke-
tones and lactate) by 15-fold or greater (73, 85, 86). There
is also evidence that the term neonate can efficiently mo-
bilize similar substrates during fasting (87). Furthermore,
free fatty acids, glycerol, and ketone concentrations were
negatively correlated with blood glucose concentration in
these term neonates (18, 88). This ability to mobilize other
energy substrates to adapt to hypoglycemia has a protec-
tive effect on the brain.

There is evidence that the preterm neonate lacks this
protective ability (89). The lack of energy stores in form
of glycogen, as discussed earlier, and adipose tissue is
prominent in these neonates. Although fat cannot substi-
tute glucose for brain energy metabolism, its mobilization
and oxidation reduce glucose uptake by other tissues and
make more glucose available for the brain (13). Levistky
et al. demonstrated that nonesterified fatty acids and ke-
tone body concentrations of the preterm infant are signif-
icantly lower than those of the term infant (86). Moreover,
preterm infants with low blood glucose concentrations did
not show increased ketone body concentrations, as did their
term counterparts. This discussion emphasizes 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 recently reviewed by Simmons,
that the immaturity of GLUT-2 function in the hepatocyte
as well as in the pancreatic �-cell may play a role in the
pathophysiology of neonatal hypoglycemia (58). GLUT-2
is a low-affinity glucose transporter that occurs only in
the hepatocyte and pancreatic �-cell. In the mature he-
patocyte the low affinity of this transporter allows glucose
release into the plasma in response to small reduction in
plasma glucose concentration. This process is sensitive
even within the normal glucose concentration range, re-
sulting 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
(56). Decreased GLUT-2 expression may limit the hepa-
tocyte sensitivity and responsiveness to changes in glu-
cose and insulin concentration during hypoglycemia (40).
This is in agreement with data from our laboratory dem-
onstrating that the preterm neonatal liver was nonrespon-
sive to progressive increment in insulin rates of infusion
and plasma concentrations. We attributed this nonrespon-
siveness to insulin to intracellular mechanism(s) that prob-
ably involve a defect in glucose transporter rather than
insulin receptors (40).

In the pancreatic �-cell GLUT-2, in concert with glu-
cokinase, functions as a glucose sensor that allows the �-
cell to recognize modest changes in plasma glucose con-
centration and appropriately secrete insulin (58, 59).
Although the �-cell of the neonate responds to changes
in the glycemic level, this process is diminished, in part
due to decreased expression and/or function of the im-
mature glucose sensor, and in part due to decreased activ-
ity of other metabolic linkages in the �-cell. Thus, the
immature glucose sensor in the pancreatic �-cell may con-
tribute to its inability to downregulate insulin secretion
during hypoglycemia. There is evidence that this phenom-
enon is developmentally regulated (59). This is in agree-
ment with reports suggesting that the basal insulin/glucose
ratio is significantly higher in the preterm than in the term
neonate (55).

Pryds et al. reported some evidence of increased ce-
rebral blood flow in preterm infants to support cerebral
metabolism during hypoglycemia (<30 mg/dl) (90). They
also reported decreased cerebral blood volume during res-
toration of hypoglycemia in the preterm neonate (91).
They concluded from these observations and the rapidity
of adjustment of cerebral blood vessels to alteration in
glucose concentration that a cerebral glucose sensor exists
in the preterm neonate (92). They suggested that this sen-
sor functions by recruiting brain capillaries to maintain
adequate glucose transport to the brain during hypogly-
cemia.

C. 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 many mechanisms known to
be associated with hypoglycemia in the human neonate.
One or a combination of the following three mechanisms
generally causes neonatal hypoglycemia: diminished he-
patic glucose production; depletion of glycogen stores; in-
creased rate of glucose utilization. Extreme prematurity is
a prime example of hypoglycemia due to primary failure
to produce and/or store glycogen. Hypoglycemia second-
ary to depletion of glycogen stores is evident in the pre-
maturely born AGA and/or SGA neonate as well as the
neonate with congenital heart disease. Increased rate of
glucose utilization, without hyperinsulinism, may explain
the hypoglycemia seen in the perinatally stressed and as-
phyxiated neonate, cold-stressed neonate, as well as the
neonate with congestive heart failure [e.g., hemodynami-
cally significant patent ductus anteriosus (PDA)], 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 dimin-
ished mobilization of substrates as well as energy-ineffi-
cient anaerobic glycolysis. Neonatal hyperinsulinemic
syndromes, including the infant of diabetic mother, can
be associated with significant and/or persistent neonatal
hypoglycemia. Neonates may also be hypoglycemic be-
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Table 4 Condition 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 beta-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/
ACTH unresponsiveness

Newly described syndromes Specific glucose transporter deficiency (neuroglucopenia during euglycemia), neonatal
hyperinsulinemia-hypoglycemia and isoimmune thrombocytopenia association

cause of deficits in intermediary metabolic pathways such
as glycogen storage disease type I, fructose 1,6 diphos-
phatase deficiency, or primary glucagon deficiency, re-
flecting a series of hereditary metabolic and endocrinol-
ogical disorders in which hypoglycemia may be the initial
or most obvious presenting feature.

V. PRETERM APPROPRIATE FOR
GESTATIONAL AGE NEONATES

The appropriate for gestational age neonates born before
term may develop hypoglycemia. While the first report of
this entity concerned small for gestational age neonates,
(19) subsequent studies documented hypoglycemia in the
low-birth-weight AGA neonate. In 1968, Raivio and Hall-
man reported a frequency of 1.4% of hypoglycemia in
these neonates (93). Fluge reported that as many as 14%
of AGA neonates evidenced neonatal hypoglycemia (94).

The diminished oral and parenteral intake in the low-
birth-weight neonate in combination with the decreased
concentration of substrates may explain the lower plasma
glucose seen in these neonates and their propensity to hy-
poglycemia. Functionally immature gluconeogenic and
glycogenolytic enzyme systems present in the neonate po-
tentiate these difficulties. The relatively increased size of
the brain (13% of the body mass in the newborn 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 low-birth-weight neonate.

VI. SMALL FOR GESTATIONAL
AGE INFANTS

Many centers have reported a relatively high frequency 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 (95),
deLeeuw and deVries (96), and others have all substan-
tiated the occurrence of hypoglycemia in these neonates.
Toxemia has been repeatedly reported to be associated
with hypoglycemia, and its incidence has been shown to
be highest (61%) in neonates born to mothers with rela-
tively low urinary estriols, compared to a frequency of
19% in neonates born to mothers with normal estriol lev-
els (96, 97). Reduction in energy reserves in the form of
decreased glycogen deposition, combined with increased
utilization of substrate, may account for the appearance of
hypoglycemia.

Kliegman studied the effect of maternal nutritional
deprivation on fetal/neonatal metabolism in dogs (98). Be-
sides reduced fetal weight at term (251 � 7 vs. 277 � 7
gms), the growth-retarded pups evidenced lower glucose
concentrations after 3, 6, and 9 h of fasting, reduced
plasma concentrations of free fatty acids at 9 and 24 h,
and lower ketone bodies at 24 h compared to controls.
Although the systemic rates of palmitate and alanine turn-
over were not affected, systemic glucose production was
reduced for 3–9 h after birth, which resulted in the ob-
served hypoglycemia. The investigator speculated that re-
duced rates of gluconeogenesis from alanine and reduced
oxidation of fuels such as free fatty acids (FFA) contrib-
uted to the hypoglycemia. FFA recycling to triglyceride
rather than oxidation contributed to the observed hypo-
glycemia.

Plasma insulin and blood glucose concentrations were
measured in umbilical venous samples from 42 SGA and
68 AGA fetuses by cordocentesis at 17–38 weeks of ges-
tation (99). In the AGA fetus plasma insulin and the in-
sulin/glucose ratio increased exponentially with gestation,
suggesting maturation of the pancreas. The major deter-
minant of fetal blood glucose concentration was maternal
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blood glucose concentration. The insulin/glucose ratio in
the SGA fetuses was lower than in the AGA fetuses, sug-
gesting 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.

Following bilateral maternal uterine artery ligation,
Bussey et al. studied the sequential changes in plasma
glucose, insulin, and glucagon concentrations, hepatic gly-
cogen, and phosphoenolpyruvate carboxykinase (PEPCK)
during the first 4 h in growth-retarded rat pups (100). Hy-
poglycemia 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 either. The investigators con-
cluded 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 neo-
nates was suggested by Haymond et al. (101). 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 (102). Oral alanine
feeding enhanced plasma glucagon in both groups but
stimulated hepatic glucose output only in the AGA infants.

The effect of intravenously administered glucagon on
plasma amino acids has been evaluated in various types
of neonates including the SGA neonate. SGA neonates in
the first hours of life had significantly lower total amino
acids 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 glu-
coneogenic amino acids could account for the suscepti-
bility to hypoglycemia in these stressed neonates (103).

Twenty-five SGA neonates received 0.5 mg/day glu-
cagon to treat hypoglycemia (104). Twenty of the 25 re-
sponded within 3 h 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 beta blockade.

Mestyan et al. also evaluated the role of glucagon by
measuring 17 amino acids before and during glucagon
infusion in normoglycemic and hypoglycemia SGA neo-
nates (105). In the normoglycemic group most amino acid
concentrations declined significantly but this did not occur
in the SGA neonates who were hypoglycemic. Although
the effect was transient, these results reflect the ability of

glucagon to produce acute changes in hepatic glucose ho-
meostasis. This was demonstrated in neonatal lambs be-
tween 1 and 3 days of age with infusions of somatostatin
alone or who received insulin and glucagon during a 2 h
interval. Plasma glucose concentration fell when both in-
sulin and glucagon were suppressed acutely, suggesting
that the latter is of importance in maintaining glucose con-
centration during short-term fasting. It was suggested that
the ratio between the two hormones acutely affected glu-
cose homeostasis (106).

The secretion of glucagon and insulin has been eval-
uated in SGA neonates. Both SGA and AGA neonates,
after being fed oral glucose and protein (1 g/kg each after
a 4 h fast), had similar secretion of both pancreatic hor-
mones. The investigators speculated 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 (107).

The adequacy of the hormonal response was rein-
forced in a study of glucose-infused SGA neonates who
were evaluated by stable isotope kinetic analysis. Under
stimulation of glucose infusion, the SGA neonate and his
AGA counterpart had similar regulatory responses as well
as functional integrity in handling glucose during the sec-
ond day after birth (108).

Using the newborn piglet model, Flecknell et al. stud-
ied the effects of an intravenous glucose infusion on glu-
cose homeostasis in normal and growth-restricted new-
born piglets using non-steady-state tracer technique (109).
Suppression of hepatic glucose output was noted, but hy-
perglycemia (plasma glucose >180 mg/dl) developed in
the majority of study subjects. The mechanism of the hy-
perglycemia 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. (110).
The investigators adapted methodology to produce mater-
nal hyperinsulinemia in a rat model. This resulted in de-
creased concentrations of glucose and amino acids in both
the mother and fetus, which produced retarded fetal
growth, limited hepatic glycogen deposition, and delayed
neonatal PEPCK induction.

Sann et al. evaluated the effect of hydrocortisone on
intravenous glucose tolerance (1 gm/kg) in eight term
SGA neonates compared to seven AGA neonates at mean
of 41 h of age (111). The rate of glucose disappearance
was decreased in the SGA neonates compared to control
neonates. Plasma glucose concentrations were similar in
both groups, while plasma insulin concentration did not
change in the control group. After hydrocortisone admin-
istration, plasma insulin concentration increased. The in-
vestigators concluded that hydrocortisone induced a re-
duced peripheral uptake of glucose independent of insulin
secretion.
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VII. CONGENITAL HEART DISEASE/
CONGESTIVE HEART FAILURE

An inverse relationship has been noted between the con-
centration of cardiac glycogen and the level of maturity
of the neonate, exemplified by the low levels in the off-
spring of mammalian species more mature at birth (i.e.,
human, monkey, sheep, etc.). These reserves are rapidly
depleted during anoxia (112). Benzing et al. reported on
a series of 27 patients in whom the simultaneous occur-
rence of hypoglycemia and acute congestive heart failure
was noted in association with congenital heart disease
(113). Reduced dietary intake in association with dimin-
ished 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 neonates without significant heart defects
(114). The pathophysiology of hypoglycemia in cyanotic
congenital heart disease was studied by Haymond et al.
(115). Six subjects were evaluated between 13 and 67
months of age. Glucose and alanine turnover studies uti-
lizing stable isotope labeling in these neonates were com-
pared to controls. A subtle defect in hepatic extraction of
gluconeogenic substrates was suspected, possibly second-
ary to decreased hepatic blood flow. It is apparent that the
presence of either hypoglycemia or congestive heart fail-
ure should be considered when one or the other appears.

The interrelationship of hypoglycemia and pulmonary
edema has been emphasized. Unfortunately, it was unclear
whether the pulmonary edema was secondary to the hy-
poglycemia or due to treatment of the hypoglycemia,
since D20W was administered through an umbilical venous
catheter into a branch of the left pulmonary vein (116).

Nineteen neonates with symptomatic ventricular sep-
tal defect (VSD) were examined by means of an intra-
venous glucose tolerance test (IVGTT) and compared to
14 neonates who were healthy (117). 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
neonates but insulin secretion, as measured by C-peptide
concentration, was elevated. The authors speculated that
increased insulin extraction occurs in the liver, but the
mechanism was unknown.

VIII. PERINATAL STRESS/HYPOXIA

Neonates who utilize glucose at an increased rate may be
prone to hypoglycemia. Since the low-birth-weight neo-
nate 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 gly-
cogenolysis is probably the underlying biochemical mech-
anism. Two moles of 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 ad-
dition, increased lactate production may result in an as-
sociated acidosis. Beard has emphasized the association
between hypoxia and hypoglycemia in the low-birth-
weight neonate and noted increased metabolic needs out
of proportion to substrate availability (118, 119). The dif-
ficulties are all accentuated in neonates 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 h of life in 4 term and 11 preterm neonates whose
Apgar score had been 5 at 1 min after birth and who were
fed oral glucose loads (120). Thus, not only may endog-
enous stores be depleted but also these neonates may be
unable to tolerate an exogenous load.

Another complication of perinatal stress is the pres-
ence of hyperinsulinism. In a report by Collins and Leon-
ard, hyperinsulinism was noted unequivocally in three
SGA neonates and in three who were asphyxiated (121).
The cause of the hyperinsulinism was unclear.

Jansen and co-workers undertook a further evaluation
of the metabolic effects of neonatal asphyxia (122). Using
a rat preparation, they showed that hypoxia drastically al-
tered both metabolic fuel and glucoregulatory hormone
availability. They suggested that persistence of the cate-
cholamine surge and tissue hypoxia and acidosis are re-
sponsible for the transient surge in glucose 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 concentration may be elevated and falsely reas-
suring. However it is not unusual for the neonate to drop
his or her glucose concentration to significantly hypogly-
cemic 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.

IX. COLD INJURY AND SEPSIS

Hypoglycemia has been identified in neonates who ex-
perience cold injury. Mann and Elliott described 14 neo-
nates who suffered neonatal cold injury following pro-
longed exposure to environmental temperatures below
90�F (123). Marked hypoglycemia was documented in
three of six neonates in whom it was measured. The hy-
poglycemia was presumed to be the result of free fatty
acid elevation secondary to a cold-induced norepinephrine
response (124). 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 considered in the evaluation of blood glucose
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levels in neonates with either temperature instability or
who are in a suboptimal thermal environment.

Close et al. evaluated the influence of environmental
temperature on glucose tolerance and insulin response in
the neonatal piglet (125). Temperatures were maintained
at 17, 24, and 33�C during which an intravenous infusion
of 1 g glucose/kg body weight was administered. Rectal
temperatures were maintained in all of the piglets sub-
jected to the two higher temperatures but not the lowest
one in which 6 of 18 became hypothermic. A higher glu-
cose disappearance rate was noted—KG: 2.00 and 2.32%/
min was recorded for animals maintaining homeothermic
temperatures during 17 and 24�C temperature conditions
compared to those kept at thermal neutrality (1.66%/min).
The insulin response was comparable. During hypother-
mia 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 hypoglycemia. Yeung noted
the association in 20 of 56 neonates with signs of sepsis
(126). 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 kcalories/
kg/day intravenously. A decreased rate of gluconeogenesis
has been documented in laboratory animals following
Gram-negative bacterial infection (127). The possibility of
increased peripheral utilization because of enhanced in-
sulin sensitivity in sepsis has been considered (128). It is
likely that one or more of these factors will operate to
produce the resultant hypoglycemia.

X. HYPERINSULINISM: THE INFANT OF
THE DIABETIC MOTHER

Hypoglycemia following increased plasma insulin con-
centration has now been associated with several discrete
disorders of the islets. It may be found in the infants of
diabetic mothers, neonates with hemolytic diseases of the
newborn, neonates with pancreatic nesidioblastosis, dis-
crete or multiple islet cell adenomatosis, and neonates un-
dergoing exchange transfusion. The Beckwith-Wiede-
mann syndrome should be considered along with other
causes of hyperinsulinemic hypoglycemia, beta-sympa-
thomimetic treatment to the mother, following high um-
bilical artery catheter placement, and following maternal
ethanol consumption.

The infant of the diabetic mother (IDM) is the pre-
mier metabolic example of the morbidity that may exist
in the neonate secondary to maternal disease (i.e., diabe-
tes). Although the IDM may have greater morbidity than
the neonate of the nondiabetic woman, many infants of
insulin-dependent diabetic women experience an un-
eventful clinical course, and even more infants of women

with gestational diabetes do well (129). In theory the more
closely metabolically controlled the diabetic pregnant pa-
tient is, the greater the potential for producing a normal
neonate. Over the past decade or so, perinatal mortality,
except for congenital anomalies, has approached that for
the neonate born to a nondiabetic mother (130, 131). Ped-
ersen originally emphasized the relation between maternal
glucose concentration and neonatal hypoglycemia (132).
His simplified hypothesis recognized that maternal hyper-
glycemia parallels fetal hyperglycemia, which stimulates
the fetal pancreas resulting in islet cell hypertrophy and
�-cell hyperplasia with increased insulin content. After
separation of the fetus from the mother, the former no
longer is supported by placental glucose transfer, which
results in neonatal hypoglycemia.

Hyperinsulinemia in utero affects diverse organ sys-
tems, including the placenta. Insulin acts as the primary
anabolic hormone of fetal growth and development, re-
sulting in visceromegaly, especially of heart and liver, and
macrosomia. In the presence of excess substrate such as
glucose, increased fat synthesis and deposition occur dur-
ing the third trimester. Fetal macrosomia is reflected by
increased body fat, muscle mass, and organomegaly (in-
sulin-sensitive tissues) but not an increased size of the
brain or kidney (insulin-insensitive tissues) (133, 134).

After delivery there is a rapid fall in plasma glucose
concentration with persistently low concentrations of
plasma FFA, glycerol, and beta-hydroxybutyrate. In re-
sponse to an intravenous glucose stimulus, plasma insulin-
like activity is increased, as is plasma immunoreactive in-
sulin, determined in the absence of maternal insulin
antibodies and plasma C-peptide concentration (135). The
insulin response to intravenous arginine is also exagger-
ated in the infant of a gestationally diabetic mother (136).
Certainly the pregnancy of the diabetic mother should be
considered to be of high risk. Knowledge of the character
of the maternal diabetes, prior pregnancy history, and
complications occurring during pregnancy allows the phy-
sician caring for the neonate to anticipate many of the
potential fetal and neonatal complications that are reported
in the infant of the diabetic mother (Table 5).

Factors known to influence the degree of hypogly-
cemia in the IDM include prior maternal glucose home-
ostasis and maternal glycemia during delivery. An inade-
quately controlled pregnant diabetic will have stimulated
the fetal pancreas to synthesize excessive insulin, which
may be readily released. Administration of intravenous
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, hypoglyce-
mia may persist for 48 h or may develop after 24 h.

Fetal hyperinsulinemia is associated with a sup-
pressed concentration of plasma free fatty acids and/or
variably diminished hepatic glucose production in the
neonate (Fig. 9). Thus, not only is peripheral glucose uti-
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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

Figure 9 Glucose production rate (GPR) for the infant of
the diabetic mother (chemical- and insulin-dependent dia-
betic mothers) vs. healthy control. The solid bar indicates the
mean rate of production within each group. (From Ref. 32.)

lization increased due to hyperinsulinemia, but hepatic
glucose production is also diminished and other energy
substrates are lacking as well.

Other factors that may contribute to the development
of hypoglycemia include defective counterregulation by
catecholamines and glucagon. The neonate exhibits tran-
sitional control of glucose metabolism, which suggests
that a multiplicity of factors affect homeostasis. Many of
the factors are similar to those that influence homeostasis
in the adult. What is different in the neonate are the var-
ious stages of maturation that exist. Prior work in con-
junction with glucose infusion studies can be summarized
to suggest that there is blunted splanchnic (hepatic) re-
sponsiveness to insulin in the neonate both in the IDM
and the preterm and term neonate of the nondiabetic
mother, compared to the adult (32).

What has not been studied, but is of particular inter-
est, are the many contrainsulin hormones that influence
metabolism. If insulin is the primary glucoregulatory hor-
mone, then contrainsulin hormones assist in balancing the
effect of insulin and other factors. One should probably
evaluate all of the contrainsulin hormones, but those of
particular interest in the IDM have been those of the sym-
pathoadrenal neural axis. Many studies have evaluated
epinephrine and norepinephrine concentrations in the
IDM. The results are quite variable. An early study in-
volved 11 infants of diabetic mothers, only two of whom
were gestational diabetics. Urinary excretion of catechol-

amines was measured and compared to that in 10 infants
of normal mothers. Urinary norepinephrine and epineph-
rine concentrations did not increase in the IDM who was
severely hypoglycemic, but did increase in the neonate
whose mother was mildly hyperglycemic (137).

These results parallel investigations of Stern et al.
(138), who suggested that hypoglycemia may be second-
ary to an adrenal medullary exhaustion phenomenon. This
would be secondary to longstanding hypoglycemia in the
IDM, which would presumably be secondary to poor con-
trol of maternal diabetes. In further studies, Keenan et al.
(139) noted that when normal plasma glucose concentra-
tion increases, plasma insulin concentration declines, and
plasma FFA concentration increases in response to exog-
enous administration of epinephrine. This confirmed the
exhaustion theory. In another series, Artel et al. (140)
measured plasma epinephrine and norepinephrine concen-
trations in the IDM. Elevated concentrations of both hor-
mones were reported, although variation was markedly
increased in the IDM. The investigators speculated that
hypoglycemia after birth may be secondary to adrenal ex-
haustion, producing temporary depletion later in the neo-
natal period.
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Other factors related to sympathoadrenal activity in
the neonate may be of importance. In a continuing eval-
uation of the transitional nature of neonatal glucose me-
tabolism, both of insulin and contrainsulin factors, epi-
nephrine 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 new-
born lamb showed a blunted response to the lower dosage
of epinephrine infused. The investigators speculated that
the newborn lamb evidenced blunted responsiveness to
this important contrainsulin stimulus (141, 142). This ten-
dency was reaffirmed by recent data from the same lab-
oratory. It is possible that if this occurs in the diabetic
state, it would partially account for the presence of hy-
poglycemia noted clinically.

Thus, the IDM is a prime example of the potential of
glucose disequilibrium in the neonate. Because of the
transitional nature of glucose homeostasis in the neonatal
period in general, accentuation of the disequilibrium may
be enhanced in the IDM secondary to metabolic altera-
tions present in the diabetic mother. A great deal of work
is necessary to appreciate fully the operative mechanisms.

XI. Rh INCOMPATIBILITY AND
HYPOGLYCEMIA

Hyperinsulinism has been implicated as the cause of the
hypoglycemia seen in neonates with severe Rh isoim-
munization (143, 144–146). 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 pro-
found hypoglycemia and, under such circumstances, glu-
cose administration in addition to measures taken to cor-
rect the anemia may be critical. The IDM and severely
Rh-affected neonate share several pathological hallmarks.
In addition to the hyperinsulinism and islet cell hyperpla-
sia, both show almost identical edematous placental
changes. Both have excessive islands of extramedullary
hematopoiesis in both liver and spleen. Although this lat-
ter finding may be the result of insulin stimulation, the
precise cause of the hyperinsulinism itself in the Rh-af-
fected neonate is uncertain. It has been suggested that an
increase in reduced glutathione resulting from massive he-
molysis of red blood cells may act as a stimulus to insulin
release.

XII. 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 preservatives
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 mix-
ture to be diluted in a total 5 L or more solvent.

Heparinized blood contains no added glucose. More-
over, the heparin, by raising the free fatty acid levels,
contributes to the hypoglycemic potential of the transfu-
sion blood, so that under some circumstances (e.g., severe
Rh incompatibility with hyperinsulinism) its use would be
contraindicated unless a concomitant IV glucose infusion
is administered to prevent and/or treat hypoglycemia
(147). With citrated blood, acid citrate dextrose (ACD),
or citrate phosphate dextrose (CPD), the added dextrose
will yield a blood preservative mixture containing as
much as 300 mg % glucose. In this situation, although
immediate hypoglycemia is not a problem, the high glu-
cose 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 hyperinsulinism ensues.
Studies documenting this occurrence have shown a pre-
cipitous 2 h postexchange fall in blood glucose to levels
below that prior to the exchange procedure (148). 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 re-
ported secondary to malposition of an umbilical artery
catheter. In a neonate requiring supplemental oxygen be-
cause of increasing respiratory distress, hypoglycemia was
relieved only when a high catheter was repositioned from
T 11–12 to L 4. Following repositioning of the catheter,
the child became euglycemic (149). Malik and Wilson re-
ported on two neonates who developed hyperinsulinism
secondary to malposition of the umbilical arterial catheter.
Repositioning resulted in creation of the hyperinsulinemia
(150). Puri et al. reported on the association of neonatal
hypoglycemia associated with position of an umbilical
catheter between the 8th and 9th thoracic vertebrae that
is the normal position. In this report, the catheter was
moved and neonatal hypoglycemia resolved (151). Three
neonates were reported whose catheter were placed be-
tween the 8th and 10th thoracic vertebrae. They were
noted to have hypoglycemia, which responded to catheter
withdrawal to the 3rd–4th lumbar region. The investiga-
tors 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 (152). This was
studied using a neonatal lamb model and the clinical sus-
picion was confirmed. The mechanism was thought to be
decreased production of hepatic glucose secondary to the
presumed increased portal insulin following high catheter
placement (153).

Jacob and Davis studied differences in serum glucose
concentrations from different extremities in neonates with
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umbilical arterial catheter through which dextrose was be-
ing infused. Neonates without catheter had no differences
in simultaneous capillary glucose concentrations, obtained
from both lower extremities, while neonates with catheters
did. Neonates 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 de-
pending on the location from which the blood is taken
(154).

XIII. PERSISTENT HYPERINSULINEMIC
HYPOGLYCEMIA

Persistent hyperinsulinemic hypoglycemia of infancy
(PHHI) consists of persistent neonatal hyperinsulinemia
for more than several weeks. Although the infant of the
diabetic mother is the premier example of hyperinsulin-
emia in the newborn, his or her hyperinsulinemia is usu-
ally 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 (155,
156): leucine-sensitive hypoglycemia, nesidioblastosis
(157–159), �-cell hyperplasia, congenital hyperinsulin-
ism, and discrete islet cell adenoma (160, 161), or
adenomatosis (162, 163). The term leucine-sensitive hy-
poglycemia disappeared when leucine was found to func-
tion as an insulin secretagogue in patients with PHHI as
well as in the healthy infant. Nesidioblastosis (meaning
neoformation of islets) refers to the histological finding 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 syndrome of PHHI as discussed
earlier. However, controlled studies have since shown that
these histological findings are not unique to PHHI pa-
tients. Similar findings do exist in normal controls at dif-
ferent stages of maturation and are quite prominent in the
term neonate (164). Hyperinsulinism without other appar-
ent cause and refractory hypoglycemia should point to-
ward this rare but real possibility. Other diagnostic clues
include large for gestational age status; nonketotic hypo-
glycemia associated with low serum levels of FFA and
lactate; low levels of insulin-like growth factor (IGF)-
binding protein 1 (suppressed by insulin); glucose/insulin
ratio less than 3:1 during hypoglycemia; and a glycemic
response to glucagon with a rise of more than 30 mg/dl
(this rules out depletion of hepatic glycogen store, which
is indicative of hyperinsulinism) (165–167).

Solt’esz et al. have reported on 18 children with hy-
perinsulinemic hypoglycemia born to nondiabetic mothers
(168). Thirteen presented within 3 days of birth, three by
20 months, and two aged 9 years. The diagnosis was es-
tablished by altered insulin/glucose ratio with correspond-
ing low ketone body levels, as well as lactate, alanine,
and glycerol concentrations. The subjects required in-

creased rates of glucose administration (between 9 and 25
mg/kg/min) and had an increased glucose disappearance
rate of KG 7.6 � 0.06%. The clinical course was quite
variable: four cases had transient hyperinsulinemia; two
responded to diazoxide; two required both diazoxide and
partial pancreatectomy; two responded to surgical exci-
sion of an isolated adenoma; five required total pancrea-
tectomy for nesidioblastosis; and two occurred secondary
to drug administration. In this series, heterogeneity existed
in the clinical courses of this condition.

Aynsley-Green et al. evaluated plasma proinsulin and
C-peptide concentrations in five children with hyperinsu-
linemic hypoglycemia presenting with severe hypoglyce-
mia (169). Data were compared to those from 13 normal
neonates. Three neonates and a 9-year-old child required
partial or total pancreatectomy. All evidenced elevated
proinsulin concentrations and had elevated C peptide con-
centrations as well. Given the level of glucose concentra-
tion present (normal range for normoglycemia but ele-
vated for hypoglycemia), the investigators concluded that
the insulin, proinsulin, and C-peptide concentration profile
does not provide a reliable indicator for the underlying
pathological mechanism.

Both autosomal recessive and autosomal dominant
forms of PHHI have been described (170–172). The au-
tosomal 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 11p14–15.1 (170). This find-
ing excluded the involvement 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-Wiedemann’s gene are located on chromo-
some 11. In 1995, the sulfonylurea receptor (SUR) was
cloned and mapped to chromosome 11p15 (173). Subse-
quently some cases of PHHI were attributed to mutations
in the SUR gene (174). Absence of KATP activity in the
pancreatic �-cell has been documented in patients PHHI
(175, 176). The absence of this function was attributed in
some cases to SUR mutations, but in other cases muta-
tions other than that of the SUR (e.g., inward rectifier K�

channel defect) were identified as well (176–178). Of
clinical relevance is that patients with PHHI who have
these two later mutations usually do not respond well to
diazoxide therapy (179).

An autosomal dominant form of hyperinsulinism in
infancy has been reported in several families (172). These
patients usually have a milder variant of the disease than
those with the autosomal recessive form. They often pre-
sent after the neonatal period and respond well to diazox-
ide therapy. Treatment has been successfully discontinued
after 2–14 years of therapy in many patients. A mutation
of the glucokinase gene was reported in one family with
an autosomal dominant variant of hyperinsulinism (180).
Increased rate of insulin secretion was attributed to greater
affinity of glucokinase for glucose, leading to higher rates
of glycolysis.
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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 �-cell hyperpla-
sia (DiPHHI) have been described (181). Differentiating
between these two variants of PHHI has important impli-
cations for therapy. Of interest in the cases of FoPHHI is
that a paternal uniparental disomy was confirmed (182).
In these cases both alleles in the chromosome 11p15 re-
gion 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 (183). However, it is not yet known
why the maternal allelic loss leads to the observed defect.

Reports have described the potential for hypoglyce-
mia after beta-sympathomimetic tocolytic therapy, which
has been used increasingly to inhibit the premature onset
of labor. A possible explanation of the relationship in-
volves increased pancreatic secretion of insulin in re-
sponse to a specific glucose concentration (184, 185). A
prospective double-bind study of 35 patients in preterm
labor with and without ruptured membranes was con-
ducted. Leake et al. evaluated the neonatal metabolic and
cardiovascular effects of Ritodine administration to the
mother (186). Patients received intravenous and/or oral
ritodrine or a placebo. The shortest time from drug ad-
ministration to delivery was 6 h. No differences were
noted in the Ritodrine vs. the control groups relative to
glucose and cardiovascular determinations. The investi-
gators concluded that chronic oral administration did not
significantly affect the neonate. In an investigation of the
causes of the clinical situation, a neonatal lamb model was
used to evaluate the drug (187). Administration of Rito-
drine produced both increased insulin secretion from the
�-cell and glucose production from the liver. It would
follow that the presence of clinical hypoglycemia would
depend on the time of administration prior to delivery.

XIV. HYPOGLYCEMIA FOLLOWING
MATERNAL ETHANOL
CONSUMPTION AND
MISCELLANEOUS CAUSES

The association of neonatal hypoglycemia and maternal
ethanol ingestion has been reported. Singh et al. evaluated
glucose metabolism in neonatal rats exposed to maternal
ethanol ingestion (188). 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 1 h after birth an elevation in blood glucose con-
centration 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 4
days.

Witek-Janusek examined the effect of maternal etha-
nol ingestion on the maternal and neonatal glucose bal-
ance in a rat model (189). Controls included an isocaloric
liquid pair fed diet or ad libitum rat chow. Blood for glu-
cose concentration and liver was sampled on days 21–22
and pups were studied up to 24 h 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 eth-
anol ingestion in pregnant rats and three offspring (190).
Fetal body weight and liver weight was reduced in fetuses
of alcohol-fed mothers. Blood glucose concentrations
were also lower, as was liver glycogen.

Isolated instances have been reported that mimic in-
sulin excess and resultant hypoglycemia. Zucker et al. have
reported symptomatic neonatal hypoglycemia in association
with maternal administration of chlorpropamide (191). This
resulted in stimulation of both maternal and fetal �-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 pro-
ducing insulin secretion (192). It has been suggested that
these drugs produce elevated maternal blood glucose con-
centrations and result in stimulation of the fetal islets with
subsequent neonatal hypoglycemia. There is a report of a
neonate in whom hypoglycemia may have been due to an
insulin-releasing substance, possibly from the gut (193).

Hypoglycemia has been noted in individuals who are
sensitive to leucine. This amino acid, among others, is
known to be associated with increased insulin release and
may be seen following ingestion of milk (194). A fourth
defect of leucine metabolism, 3-hydroxy-3-methyl glu-
taryl CoA lyase deficiency, has been reported. Hypogly-
cemia was noted along with a characteristic excretory pat-
tern of organic acids, but the exact mechanism resulting
in the hypoglycemia was not apparent (195).

Neonatal hypoglycemia has followed administration
of salicylates, the suggested mechanism being an uncoup-
ling of mitochondrial oxidative phosphorylation (196).
The association of congenital adrenal hyperplasia and hy-
poglycemia has also been recorded (197). Souto et al.
studied the effect of equivalent doses of insulin on the
adrenal medulla of neonatal and adult rats (198). Gly-
cemia decreased to 33% of the control values in the adult,
while an equivalent dose of insulin to the neonate de-
creased glycemia to about 50%. Morphological evaluation
of the adrenal medulla paralleled the metabolic data. The
authors speculated that immaturity of the adrenal chro-
maffin tissue may be present in the neonate and be in-
volved in hypoglycemic catecholamine counterregulation.

Actavia-Loria et al. reported a survey of the fre-
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quency of hypoglycemia in 165 children with primary ad-
renal insufficiency (199). Of these children, 118 had con-
genital adrenal hyperplasia, 47% had Addison’s disease,
and 18% had hypoglycemia. One-half of the episodes oc-
curred in the neonatal period. The episodes of hypogly-
cemia were isolated in 13 children, 4 neonates with con-
genital adrenal hyperplasia, and in 1 male with 11B-OH
deficiency. A significant mechanistic correlation was noted
between plasma glucose concentration and cortisol con-
centration during the episodes of hypoglycemia.

Hypoglycemia has been noted secondary to indo-
methacin therapy in premature neonates with patent ductus
arteriosus. The proposed mechanism of indomethacin-me-
diated hypoglycemia (i.e., lack of prostaglandin inhibition
of insulin release) was not confirmed since there were no
significant changes in plasma insulin concentration (200).

XV. BECKWITH-WIEDEMANN SYNDROME

In 1964 Beckwith and associates described a syndrome
characterized by omphalocele, muscular macroglossia,
and visceromegaly (201). Wiedemann almost simultane-
ously described a similar clinical picture in three siblings
(202). The cause of the syndrome remains unclear. On
pathologic examination, islet cell hyperplasia of the pan-
creas has been demonstrated in these neonates. It was sub-
sequently shown that hypoglycemia may be an associated
metabolic component of this syndrome, occurring in ap-
proximately 50% of cases reported, with hyperinsulinism
responsible for both the hypoglycemia and the somatic
and visceral growth abnormalities. The hypoglycemia is
ultimately self-limiting but may be protracted and difficult
to control. In a patient with resistant hypoglycemia and
hyperinsulinism, Schiff and co-workers (203) were ulti-
mately able to achieve adequate control of glucose levels
with a combination of Susphrine and diazoxide therapy,
which suppressed the release of basal and postprandial
insulin. The neonate presented at birth with an umbilical
hernia, macroglossia, and hepatosplenomegaly as well as
hyperinsulinism and severe, persistent hypoglycemia.
Normal glucose control was achieved by 1 month of
age. At 6 months, somatic growth was normal, hepato-
splenomegaly had receded, but the macroglossia was still
present. At 2 years of age growth was normal, and the
tongue, although still large, could be kept within the
mouth without any evidence of malocclusion. Genetic
mapping linked the disorder to a defect in chromosome
11p15, as noted earlier (183).

XVI. DEFECTIVE GLUCONEOGENESIS/
GLYCOGENOLYSIS

Hypoglycemia has been noted in neonates unable to sus-
tain normal gluconeogenesis. Glucagon is influential in

hepatic glucose production since it enhances glycogen-
olysis and gluconeogenesis. A recent report has docu-
mented a neonate with isolated glucagon deficiency and
neonatal hypoglycemia (204). The diagnosis was based on
a low basal glucagon concentration as well as a dimin-
ished response to hypoglycemia and alanine infusion, both
of which are potent stimulators of glucagon secretion, in
a neonate in whom normal insulin secretion was present.
Vidnes has reported three neonates with persistent neo-
natal hypoglycemia, one of whom evidenced an abnormal
subcellular distribution of PEPCK in the extramitochon-
drial fraction (205, 206).

A specific enzymatic deficiency that may affect glu-
coneogenesis in the neonate is type I glycogen storage
disease (glucose-6-phosphatase deficiency). The defi-
ciency is an autosomal recessive genetic defect, which
may occasionally present in the neonatal period with se-
vere hypoglycemia and hepatomegaly. A second enzy-
matic defect, fructose-1,6-diphosphatase deficiency, has
also been associated with hypoglycemia (207–209).

Galactosemia may present in neonates who are septic
and/or have hepatocellular jaundice. Later (1 month) ga-
lactosemic infants may present with cataract formation. In
some neonates, hypoglycemic symptoms have been re-
ported and a positive reducing test in the urine (to copper
or iron) noted. The usual biochemical defect is in galac-
tose-1-phosphate uridyl transferase. The diagnosis in-
volves the demonstration of a low true glucose concen-
tration (glucose oxidase) in the presence of normal total
hexoses, together with determination of the enzymatic de-
fect, which can be analyzed in both red and white blood
cells. Exclusion of milk and mild products (lactose) is the
treatment of choice. Because early intervention is preven-
tive, routine neonatal screening has been recommended,
since it is inherited as an autosomal recessive condition
(210).

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 ac-
cumulation secondary to fructose-1-phosphate aldolase
deficiency. The hypoglycemia is secondary to an inhibi-
tion of hepatic glucose release and absence of a hyper-
glycemic response to glucagon following ingestion or par-
enteral administration of fructose.

Inborn errors of amino acid metabolism that may
present as hypoglycemia in the neonatal period include
maple syrup urine disease, propionic acidemia, methyl-
malonic acidemia, tyrosinemia, and/or 3-hydroxy-3-meth-
ylglutaryl CoA lyase deficiency. Disorders of fatty acid
metabolism that may present as hypoglycemia in the neo-
natal period include medium-chain and long-chain acyl
CoA dehydrogenase deficiency.

XVII. EVALUATION

Current perinatal clinical practice has significantly re-
duced hypoglycemia associated with conditions such as
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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 low-birth-weight neonate. Many
of the clinically observed cases of hypoglycemia occur
immediately after birth, as discussed earlier.

As noted with other diagnostic dilemmas in neona-
tology, a detailed maternal history and thorough physical
examination are required to determine the probable cause
of neonatal hypoglycemia. Maternal history including
family history of diabetes or other glucose intolerance,
drug ingestion (chloropropamide, benzothiadiazide diuret-
ics, salicylates, and or ethanol), blood group incompati-
bility, pre-eclampsia or pregnancy-induced hypertension,
and the rate of dextrose administered to the mother during
labor should alert the physician to the potential mecha-
nism 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 gestational age. 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, 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 galac-
tosemia, as are reducing substances in the urine, while
unexplained hepatomegaly may indicate glycogen storage
disease. Abnormalities, which may indicate central de-
fects, include abnormal genitalia indicative of pituitary ab-
normalities, and cleft lip and palate.

Treating the underlying condition, providing optimal
thermal environment, and supporting the cardiocirculatory
system, if indicated, are basic concepts in the management
of hypoglycemia. Appropriate laboratory evaluation
should include evaluation of the following: glucose, in-
sulin, growth hormone, cortisol, and thyroid function.
Evaluation of pH, lactate, pyruvate, and ketones is indi-
cated for glycogen storage disease. Studies are usually
performed when hypoglycemia is present or at a time fol-
lowing a fast of at least 3–4 h. Tolerance tests are re-
served for confirmation of suspected diagnosis, such as a
glucagon tolerance test if glycogen storage disease is sus-
pected. A further clinical evaluation of the neonate, infant,
and older child has been detailed by Sperling (211).

XVIII. TREATMENT

Treatment of neonatal hypoglycemia begins with identi-
fication of its potential in the neonate at risk, documen-
tation of its existence by appropriate laboratory measure-
ment, and determination of appropriate corrective
measures.

Oral administration of nutrients generally is advo-
cated, 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 able
quickly to achieve and maintain a glucose concentration
in the euglycemic range during oral feedings. It is unrea-
sonable to expect that oral feedings alone will provide for
adequate glucose intake in the neonate whose hypogly-
cemia does not respond quickly to this approach.

In the case of moderate or severe hypoglycemia, we
advocate parenteral (intravenous) treatment with a con-
stant-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 toler-
ated whenever clinically appropriate. Repeated documen-
tation of blood or plasma glucose concentration should be
an integral part of the treatment of any neonate. The glu-
cose infusions should be gradually reduced rather than
abruptly terminated 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 euglycemia with
the minimal concentration of glucose required. A periph-
eral vein rather than an umbilical vessel is the preferred
route of infusion (153). However, other than in an emer-
gency, 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 probably contraindicated
by either route.

There is disagreement about to the beneficial effect
of a glucose bolus prior to the administration of contin-
uous glucose infusion. 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 treatment of hypoglycemia
in the neonate, because of the high likelihood of pancre-
atic �-cell stimulation and rebound hypoglycemia (43).
Some investigators (Lilien and Hawdon) recommend a so-
called minibolus of 2–3 ml/kg D10W (i.e., 	200–300 mg/
kg) given at a rate of 1 ml/kg/min and followed by con-
tinuous glucose infusion at a rate of 5–8 mg/kg/min (Fig.
10) (212, 213). The currently popular approach involves
infusion of 2 ml/kg 10% dextrose in H2O (200 mg/kg)
given over 1 min, followed by a continuous dextrose in-
fusion of 8 mg/kg/min (213). However, the concept of the
minibolus was challenged based on the potential for hy-
perosmolar cerebral edema at that extremely rapid admin-
istration rate, as reported in older children (214). Others
also argued that at this high-administration-rate glucose
entry far exceeds glucose uptake; the potential for pro-
voking excessive insulin secretion and inhibition of glu-
cagon secretion may, in fact, aggravate the existing hy-
poglycemia (215).

Based on this discussion, we recommend the use of
a minibolus (200 mg/kg, or 2 ml/kg D10W, over 5–10
min) only in cases of severe hypoglycemia (i.e., glucose
concentration �24 mg/dl), followed by continuous glu-
cose infusion at a rate of 6–8 mg/kg/min. For milder or
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Figure 10 Plasma glucose concentrations in neonates treated with 200 mg/kg minibolus followed by 5–8 mg/kg/
min constant glucose infusion compared with plasma glucose concentrations of neonates treated with constant infusion alone.
(From Ref. 213.)

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 5–8
mg/kg/min is an appropriate approach. In all cases blood
glucose concentration should be closely monitored every
30–60 min and glucose infusion rate should be gradually
adjusted until hypoglycemia resolves. A number of spe-
cific agents (e.g., hydrocortisone and glucagon) are usu-
ally recommended when continuous glucose infusion at a
rate >15 mg/kg/min is not effective in maintaining eugly-
cemia (43).

Calculation of parenteral glucose therapy must include
the actual concentration of glucose present in the admin-
istered fluids. A hydrated form of dextrose (C6H12O6�H2O)
(molecular weight of 198) is used by most manufacturers
to prepare the parenteral fluid so that the actual amount of
glucose available is approximately 10% less (216). This is
of particular concern when very-low-birth-weight or se-
verely hypoglycemic neonates are being treated.

There are increasing reports of the use of lipid infu-
sion to assist in prevention of hypoglycemia. Sann et al.
evaluated the effect of oral lipid supplementation on the
prevention of neonatal hypoglycemia in 28 low-birth-
weight neonates whose mean gestational age was 36 � 1
weeks and whose birth weight was 1778 � 230 g com-
pared to a control group of 23 neonates with comparable
demographic data (217). Hypoglycemia �31 mg/dl oc-
curred in 8 of 23 neonates in the control group compared

with 2 of 28 in the supplemented group receiving 2.9 g/
day of a solution containing 67% medium chain triglyc-
erides. Prospectively this study showed that lipid supple-
mentation can prevent the occurrence of hypoglycemia in
the low-birth-weight neonate.

Treatment with a number of specific agents is indi-
cated when parenteral therapy above 15 mg/kg/min is not
effective in maintaining euglycemia. Corticosteroids have
been shown to be effective in the therapy of hypoglyce-
mia. Although steroids enhance several glucose-producing
reactions, the major effect is probably that of gluconeo-
genesis from noncarbohydrate (protein) sources and de-
creased peripheral glucose utilization. Hydrocortisone is
given at a dosage of 5 mg/kg/day either intravenously or
orally every 12 h, or prednisone is used at a dosage of 2
mg/kg/day orally. As with all forms of therapy, gradual
diminution of the dosage administered, in concert with
decreasing parenteral concentrations of glucose and in-
creasing 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-re-
tarded neonates is considered to be evidence for a lack of
hepatic glycogen stores. In the infant of the diabetic
mother, there is often a failure to respond to the usual
dosages (30 mg/kg), despite the presence of more than
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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, leu-
kopenia, thrombocytopenia

Octreotide Activates a G-protein-
coupled inward recti-
fier K� channel

5–40 mg/kg/day subcu-
taneously every 4–6 h

Effective in 25–80% of cases
Abdominal distention, steatorrhea, cholelithi-

asis, possible suppression of other hor-
mones: growth hormone, thyroid-stimulat-
ing hormone, adrenocorticotropic hormone

Calcium channel
blockers

Inhibits Ca2� 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 ex-

perience
Surgery Reduction of �-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; dia-

betes mellitus and exocrine pancreatic insuf-
ficiency

adequate hepatic glycogen stores. These neonates will fre-
quently respond to higher dosages (300 mg/kg) with a
prolonged and sustained hyperglycemia, so that the higher
dosage might well be used as initial therapy. Since glu-
cagon may stimulate insulin release, its administration in
all probability should be accompanied by an intravenous
glucose infusion.

Like glucagon, epinephrine is capable of promoting
glycogen to glucose conversion, but in far smaller quan-
tities. For this effect glucagon is the drug of choice. The
hyperglycemic potential of epinephrine in blocking glu-
cose uptake by peripheral muscle presupposes 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
antihypoglycemic agent in the infant of the diabetic
mother as well as in other hyperinsulinemic neonates. The
agent most commonly used is a 1:200 epinephrine in
aqueous suspension (Sus-Phrine), which can be readily
administered subcutaneously (203, 218).

In cases of transient or persistent hyperinsulinism dia-
zoxide, octreotide, calcium channel blockers, and/or par-
tial pancreatectomy have been used as therapeutic modal-
ities (Table 6). It is important to summarize the metabolic
signals that lead to insulin gene transcription and then
insulin secretion by the pancreatic �-cell, so that the
mechanism of action of these therapeutic agents may be
understood. Glucose enters the �-cell via the GLUT 2
isoform of glucose transporters. 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.
Amino acids (AA) and FFA also contribute to ATP pro-
duction through metabolism in the TCA cycle. Different
intermediate signals from glycolysis lead to insulin gene
transcription. Increase of the intracellular ATP/ADP ratio
activates the SUR. The KATP channel then closes, the cell
membrane depolarizes, and Ca2� influx through the volt-
age-gated calcium channel (VGCC) triggers insulin secre-
tion. 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 10–15 mg/kg/day divided
every 8 h is the first drug of choice in the hyperinsu-
linemic neonate who cannot be weaned from intravenous
glucose. Diazoxide causes hyperglycemia by stabilizing
the �-cell KATP channel in the open state, thereby inhib-
iting membrane depolarization and insulin secretion. An
intact SUR and inward rectifier K� channel are necessary
for full action of the drug. Insulin synthesis is uncom-
promised by this therapy. A secondary hyperglycemic
mechanism is via stimulation of catecholamine; this may
reduce insulin secretion and counter its actions peripher-
ally as well. A response to diazoxide is usually evident
within the first 48 h of therapy. Diazoxide has several
important side effects that should be carefully monitored;
in some cases the severity of these side effects may ne-
cessitate termination of diazoxide therapy. Fluid retention,
hypertricosis, and coarse facial changes have been re-
ported. Diazoxide therapy can result in hyperglycemia and
even diabetic ketoacidosis if the infant is unable to secrete
insulin appropriately during time of stress. Uricemia, leu-



Hypoglycemia in the Newborn 567

Figure 11 Metabolic signals involved in insulin gene transcription and insulin secretion in the �-cell. Dashed lines represent
pathways with intermediate steps, glucose transporter isoform 2 (GLUT2), tricarboxylic acid (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
sulfonylurea receptor (SUR) and opens the inward rectifier K� channel (KIR). Somatostatin analogs bind to the somatostatin
receptor (R) and activate a G-protein-coupled inward rectifier K� channel (GIRK) with its �, �, and � subunits. These two
drugs serve to hyperpolarize the �-cell membrane, which inhibits Ca2� influx and therefore insulin secretion. Ca2� channel
blockers inhibit Ca2� influx through voltage-gated calcium channel (VGCC).

kopenia, and thrombocytopenia are rare side effects of this
therapy.

Diazoxide is effective in only 22–50% of the patients
with PHHI and it is less likely to work in patients pre-
senting in the immediate neonatal period (219–223).

Somatostatin has a very short half-life (1–3 min) pro-
hibits its clinical use. Somatostatin acts via a G-protein-
coupled inward rectifier K� channel. The activation of this
channel results in hyperpolarization of the �-cell, which
inhibits Ca2� influx, thereby inhibiting insulin release (see
Fig. 4). The synthetic analog octreotide, however, has a
half-life of 1.5 h, and it has been successfully used at
intervals of up to 6–8 h in cases of hyperinsulinemia. A
starting dosage of 5–10 �g/kg/day produces favorable in-
itial responses, but because of the development of toler-
ance, the dosage sometimes has to be increased to as

much as 40 �g/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 (219, 224). 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
(165, 225). Asymptomatic cholelithiasis was reported and
concerns relative to the effect of octreotide on other hor-
monal axis require more careful evaluation.

Because Ca2� 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
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nifedipine was successfully used as adjunct therapy for
PHHI, further experience is needed to assess the efficacy
of this approach (226).

Surgical intervention is indicated when euglycemia
cannot be maintained by medical therapy alone. A 95%
pancreatectomy is the surgical procedure of choice. Med-
ical therapy may need to be continued postoperatively, if
hypoglycemia persists. If hypoglycemia persists despite
added medical therapy, as is the case in 5–25% 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 pancreatic insufficiency, and
diabetes mellitus. The later may be transient or persist
(219, 227–231).

This review has evaluated the current knowledge of
the kinetics of glucose homeostasis in the neonate. Glu-
cose production, glucose utilization, and glucose oxidation
have been reviewed in detail. The relationship of the de-
velopmental regulation of glucose homeostasis and some
of the fundamental differences known to exist in the neo-
nate compared to the adult. The pathophysiological basis
and the clinical aspects of neonatal hypoglycemia were
discussed. Conditions associated with neonatal hyperin-
sulinemia, including the infant of the diabetic mother,
were also comprehensively reviewed.
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I. INTRODUCTION

Glucose is normally the predominant fuel for mammalian
cells. Because the brain cannot synthesize glucose or store
more than a few minutes’ supply as glycogen, survival of
the brain depends on a continuous supply of glucose (1).
Recurrent hypoglycemia during the period of rapid brain
growth and differentiation in infancy can result in long-
term neurological sequelae, psychomotor retardation, and
seizures. Prevention of hypoglycemia and expeditious di-
agnosis and vigorous treatment are, therefore, essential to
prevent the potentially devastating cerebral consequences
of hypoglycemia.

Hypoglycemia is most common in the newborn pe-
riod. During infancy and childhood, it occurs most fre-
quently when nighttime feeding is discontinued and when
intercurrent illness interrupts the child’s normal feeding
pattern, causing periods of relative starvation. Basal en-
ergy needs during infancy are high. A full-term newborn
baby has a ratio of surface area to body mass more than
twice that of an average adult, necessitating a high rate of
energy expenditure to maintain body temperature. Also,
the infant brain is large relative to body mass and its en-
ergy requirement is primarily derived from the oxidation
of circulating glucose. To meet the high demand for glu-
cose, the rate of glucose production in infants and young
children is two to three times that of older children and
mature adults (2). Although the demand for glucose is
high, the activity of several liver enzymes involved in
energy production is low in the newborn compared to
older children and adults. As a consequence, 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 turn-
over in adults is approximately 2 mg/kg/min (8–10 g/h);
whereas the average basal (4–6 h after feeding) rate of
glucose turnover is 6 mg/kg/min in newborns, approxi-
mately three times the adult rate (2). During prolonged fast-
ing, infants and children cannot sustain the high rate of
glucose production. Normal children, 18 months to 9 years
of age, fasted for 24 h have a mean whole 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 (3).
For these reasons, infants and young children are more
prone than adolescents and adults to hypoglycemia when
normal feeding patterns are disturbed by intercurrent ill-
ness.

II. DEFINITION OF HYPOGLYCEMIA

During acute insulin-induced hypoglycemia in normal
adults, symptoms appear at an arterialized venous plasma
glucose level of approximately 60 mg/dl (3.3 mmol/l) and
impairment of brain function occurs at approximately 50
mg/dl (2.8 mmol/l) (4, 5). Comparable levels in venous
blood are about 3 mg/dl lower (6). In children, functional
changes in the central nervous system (brainstem auditory
and somatosensory evoked potentials) occur when the ve-
nous plasma glucose concentration falls below 47 mg/dl
(2.6 mmol/l) (7). These facts suggest that the physiolog-
ical threshold is a plasma glucose concentration in the
range of 50–60 mg/dl (2.8–3.3 mmol/l). Therefore, for
clinical care of children, a venous plasma glucose con-
centration of 60 mg/dl (3.3 mmol/l) or greater may be
regarded as normoglycemia and plasma glucose levels be-
low 50 mg/dl (2.8 mmol/l) as hypoglycemia.
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III. OVERVIEW OF FUEL METABOLISM

The physiological mechanisms that normally prevent hy-
poglycemia ensure that the brain receives a continuous
supply of glucose (8). Several tissue-specific glucose
transport (GLUT) proteins are responsible for transport of
glucose from the extracellular to the intracellular 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 (9). Both
GLUT-1 (on glial cells) and GLUT-3 (on neuronal cells)
(10) are insulin-independent facilitative glucose trans-
porters. 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 upregulation
of both these transporters (11–13).

Most body tissues, with the exception of the brain,
can use free fatty acids (FFA) for oxidative metabolism.
Under conditions of fasting, the plasma FFA concentration
increases and the uptake and oxidation of glucose de-
creases. The high rate of tissue oxidation of FFA func-
tionally decreases the use of glucose in accordance with
Randle’s hypothesis (the glucose–fatty acid cycle) (14).
Although FFA are not transported across the blood–brain
barrier, �-hydroxybutyrate (BOHB) and acetoacetate
(AcAc), the water-soluble products of hepatic �-oxidation
of FFA, readily cross the blood–brain barrier (15, 16). In
vitro studies in rats have demonstrated that the use of
ketones can decrease brain glucose utilization by �50%.
Indirect evidence in humans is consistent with these data
(17, 18).

In the interval between meals and during fasting,
maintenance of normal plasma glucose concentrations re-
quires adequate endogenous substrate (body fat, hepatic
and muscle glycogen, and mobilizable amino acids); intact
metabolic and enzymatic pathways; proper hormonal reg-
ulation of the mobilization, interconversion, and use of
metabolic fuels. An abnormality in any one of these areas
may compromise the homeostatic mechanisms that bal-
ance the rate of appearance and the rate of disposal of
glucose that maintains the plasma glucose concentration
in a narrow normal range (19). Glucose is derived from
intestinal absorption following digestion of dietary car-
bohydrate (exogenous glucose delivery) or from endoge-
nous glucose production (glycogenolysis and gluconeo-
genesis). Gluconeogenesis refers to the formation of
glucose from three carbon precursors, including lactate,
pyruvate, amino acids (especially alanine and glutamine),
and glycerol. The integrated regulatory effects of hor-
mones, neural pathways, and metabolic substrates nor-
mally result in the precise matching of glucose utilization

and the sum of exogenous glucose delivery and endoge-
nous glucose production. The key glucoregulatory hor-
mones are insulin, glucagon, and epinephrine. Growth
hormone (GH) and cortisol modify the effectiveness of
these glucoregulatory hormones.

After feeding, exogenous glucose delivery increases
at a rate largely determined by the carbohydrate content
of the ingested meal and the rate of gastric emptying.
Glucose absorption from the intestine into the portal cir-
culation occurs via a sodium-dependent transport mecha-
nism. The increase in circulating glucose concentration,
augmented by incretins (gastric inhibitory polypeptide
[GIP] and glucagon-like peptide-1 [GLP-1] secreted by
the intestine), stimulates insulin and inhibits glucagon se-
cretion. Increased plasma levels of insulin result in trans-
location of GLUT-4 transporters from their intracellular
location to the cell membrane, thereby enhancing glucose
entry into fat and muscle cells (Table 1). More than 80%
of ingested glucose enters the systemic circulation; the
entire splanchnic bed extracts only 10–20% (20). Over a
wide range of carbohydrate consumption in normal indi-
viduals, the plasma glucose concentration increases from
�70 mg/dl to �150 mg/dl. Endogenous glucose produc-
tion is suppressed by high postprandial plasma insulin
concentrations, which decrease hepatic glycogenolysis
and increase glycogen synthesis. Glucose transported into
the liver by GLUT-2 transporters replenishes the hepatic
glycogen store. Liver and muscle express high levels of
glycogen synthase activity and can store appreciable
quantities of glucose as glycogen. In the liver, glucose is
also converted to fat, which can be stored in the liver or
be transported to other tissues in the form of very-low-
density lipoproteins. The increase in plasma insulin con-
centration also decreases rates of proteolysis and lipolysis,
thus decreasing the availability of substrates for gluco-
neogenesis and ketogenesis, respectively.

Increased metabolism of dietary carbohydrate leads
to increased cytosolic citrate, which inhibits activity of
carnitine palmitoyltransferase-I (CPT-I) and diverts fatty
acids away from oxidation in peripheral tissues and away
from �-oxidation and ketogenesis in the liver. With de-
creased hepatic FFA oxidation, activity of pyruvate car-
boxylase decreases and 3-carbon substrates are directed
away from gluconeogenesis and toward formation of ace-
tyl CoA. A reduction in �-oxidation also results in de-
creased production of reduced nucleotides, which are nec-
essary for gluconeogenesis. With decreased circulating
plasma concentrations of FFA and ketone bodies and in-
creased concentrations of glucose and insulin, GLUT-1,
GLUT-3, and GLUT-4 transporters efficiently move glu-
cose out of the circulation and into cells.

Despite a substantial increase in glucose influx into
the circulation, the increase in plasma glucose concentra-
tion is relatively small after a meal, and plasma glucose
and insulin concentrations return to basal levels within 2–
3 h. As nutrient absorption is completed, flow of glucose
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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 → 31.3 Minimal

GLUT-2 Liver
Pancreatic � cells
Small intestine epithelium
Kidney

Glucose-sensing in �
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

from the gut decreases and eventually stops. Plasma glu-
cose concentration frequently decreases to below the pre-
meal value. The relative hypoglycemia, together with the
decrease in insulin secretion, triggers release of glucagon,
which increases hepatic glucose production (21). The tran-
sition from endogenous glucose production to exogenous
glucose delivery shortly after a meal and the later transi-
tion from exogenous glucose delivery back to endogenous
glucose production are finely regulated (21). Hypoglyce-
mia normally does not occur in the interval between meals
and glucose delivery to the brain continues 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 phosphorylated when it
enters cells. The extracellular space is �25% of body
weight in children and adolescents. The total glucose pres-
ent in a person with a plasma glucose concentration of 90
mg/dl is 1.25 mmol/kg body weight or 225 mg/kg. This
is equivalent to �5% of a teaspoon of glucose/kg body
weight. Thus, the total pool size of a 10 year old child
(30 kg) is approximately 6.75 g glucose (19).

The amount of glycogen stored in the liver is modest:
approximately 5% of the wet weight of the liver. For ex-
ample, the liver of a 10-year-old child who weighs 30 kg
contains about 45 g glycogen. This could, theoretically,
satisfy the basal requirement for glucose (�9 g/h) for only

5–6 h. Thus, gluconeogenesis soon plays the major part
in maintaining normal blood glucose concentrations (Fig.
1B). In children, the precise fraction of glucose derived
from glycogenolysis rather than gluconeogenesis at any
point in time during feeding and fasting is unknown.

Muscle can store glucose as glycogen, but lacks the
enzyme glucose-6-phosphatase, and, therefore, cannot re-
lease free glucose. Red cells lack mitochondria; conse-
quently, glycolysis stops with the formation of lactate. In
other cells, glucose can be completely oxidized to carbon
dioxide and water. During a fast, muscle can oxidize fatty
acids to meet its energy needs and substantially reduce its
glucose uptake. Proteolysis in muscle provides the liver
with amino acids for gluconeogenesis. Whether or not
complete oxidation of glucose occurs depends upon the
activity of the enzyme pyruvate dehydrogenase, which is
inactivated by products of fatty acid oxidation. The avail-
ability of other fuels for oxidation (fatty acids or ketones)
affects the activity of pyruvate dehydrogenase and deter-
mines whether glucose is completely oxidized to carbon
dioxide and water, or is conserved via recycling of lactate,
pyruvate, and alanine back to glucose in the liver (glu-
cose–lactate–glucose and glucose–alanine–glucose cy-
cles).

In muscle, glucose is metabolized via glycolysis to
pyruvate, which can be reduced to lactate, transaminated
to form alanine, or undergo oxidation. Lactate and pyru-
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vate 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. Circulating alanine carbon is
largely derived from glucose (glucose–alanine–glucose
cycle) (22). Glutamine, the other major amino acid pre-
cursor for new glucose formation, is also partially derived
from glucose (glucose–glutamine cycle) (23).

Liver and kidney express the critical gluconeogenic
enzymes: pyruvate carboxylase, phosphoenolpyruvate car-
boxykinase (PEPCK), fructose-1,6-bisphosphatase, and
glucose-6-phosphatase. Although many tissues have the
ability to convert oxaloacetate to glucose-6-phosphate and
glycogen, the liver and kidney (owing to the presence of
the glucose-6-phosphatase system) are the major organs
that produce free glucose that can be released into the
circulation. In adults, 40–50% of glucose is derived from
gluconeogenesis in the postabsorptive state (after an over-
night fast), and this increases to �90% during a 48–72 h
fast (24–26). Thus, in the postabsorptive state, hepatic
gluconeogenesis soon plays the major role in maintaining
normal blood glucose concentrations. In children and ad-
olescents, the fraction of glucose production from gluco-
neogenesis is �50–60% (27) (Fig. 1B).

Over time, the hepatic glycogen store is depleted and
all glucose production must be from hepatic and renal
gluconeogenesis. Hepatic oxidation of fatty acids pro-
duces the energy, reducing equivalents, and metabolic in-
termediates required to sustain the high rate of hepatic
gluconeogenesis that occurs during fasting. FFA are re-
leased from adipose tissue stores (lipolysis) and normally
are abundant during fasting (28, 29). FFA also provide
many tissues (including cardiac and skeletal muscle) with
a readily usable energy substrate. A fraction of the FFA
undergoes �-oxidation in the liver to form ketone bodies
(Fig. 1B,C). High rates of ketone body production are
reached during fasting in children. After fasting for 20–
22 h, the ketone body turnover rate in young children is
comparable to that achieved by adults fasted for several
days (30). During fasting, plasma concentrations of ketone
bodies increase dramatically as a reflection of increased
plasma concentrations of FFA and increased rates of �-
oxidation in the liver (28, 31). Within 30 h of fasting,
normal children achieve plasma total ketone body con-
centrations of 5–6 mmol/l, levels that are seen in adult
women after fasting for 2.5–3 days and are not achieved
in men even after 84 h of fasting (31). Fasting ketonemia
provides the brain (which cannot utilize FFA) and other
tissues with an alternative source of energy (15, 16, 32).
Because the brain can oxidize ketones, it is not solely
dependent on glucose as an energy substrate. Normally,
the large amounts of ketones generated during fasting re-
sults in a decrease in the brain’s rate of glucose con-
sumption.

Prolonged fasting ultimately leads to a decrease to
about one-half in the basal glucose turnover, resulting in

a gradual decrease in the plasma glucose concentration
(33). These metabolic responses to fasting (increased glu-
coneogenesis, lipolysis, and ketogenesis) are finely regu-
lated by changes in the circulating concentrations of hor-
mones including a decrease in insulin secretion and
increased plasma concentrations of glucagon, epinephrine,
GH, and cortisol, the latter collectively referred to as the
counterregulatory hormones.

In summary, the adaptation to fasting involves a ma-
jor change in the body’s fuel economy. As fasting is pro-
longed, there is decreased dependence on glucose and in-
creased 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 synthesize or utilize ketones
results in greater utilization of glucose, impaired gluco-
neogenesis, and inability to conserve glucose, which leads
to severe hypoglycemia. Examples of these disorders are
discussed in detail later in this chapter.

IV. REGULATION OF INSULIN SECRETION

Insulin secretion is regulated by nutritional, hormonal,
metabolic, and autonomic nervous system signals. These
signals are transduced by a complex system that involves
intracellular glucose metabolism, depolarization of the cell
membrane, regulation of free intracellular cytosolic cal-
cium concentration, and the movement of insulin-contain-
ing secretory granules to fuse with the plasma membrane
to release their contents (Fig. 2) (34). ATP-sensitive po-
tassium channels (KATP channels) in the plasma mem-
brane, which control the polarity of the �-cell membrane,
have a pivotal role in regulating insulin secretion. They
are formed from two distinct subunit proteins: the high-
affinity sulfonylurea receptor (SUR1) and Kir6.2, a weak
inward-rectifier (35). The pore of the channel is formed
by Kir6.2 in a tetrameric arrangement. At rest, KATP chan-
nels are normally kept open maintaining a membrane po-
tential of about �70 mV. A rise in the blood glucose con-
centration increases glucose entry into the cell (via
GLUT-2 transport) and the rate of glucose metabolism
increases in the �-cell. Intracellular glucose is phospho-
rylated by glucokinase, the rate-limiting step in glucose
metabolism (Fig. 2), and is then metabolized resulting in
an increased ratio of ATP/ADP, which leads to closure of
KATP channels, depolarization of the �-cell membrane, and
opening of voltage-dependent L-type calcium channels
with influx of extracellular calcium. The increase in cy-
tosolic free calcium concentration triggers exocytosis of
insulin-containing secretory granules (36).

SUR1 encodes for a 39 exon gene with 17 transmem-
brane 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 octameric complex with four
SUR1 subunits surrounding four Kir6.2 centrally located
channels. ATP acts directly on Kir6.2 resulting in closure
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Figure 2 Model of insulin secretion regulation by pancreatic �-cell. Glucose is transported into the �-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 Ca2� channels. Influx of calcium releases insulin through exocytosis of secretory granules. Leucine stimulates
insulin release by allosterically activating glutamate dehydrogenase (GDH), increasing glutamate oxidation, which increases the
ATP/ADP ratio and closes KATP channels.

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
lead to continued membrane depolarization and dysregu-
lation of the voltage-dependent calcium channel, resulting
in uncoupling of insulin secretion from glucose metabo-
lism. To date, more than 50 SUR1 mutations have been
described; three mutations have been reported in the
Kir6.2 component (36, 37).

A constitutive increase in glucokinase activity causes
an autosomal dominant form of hyperinsulinism (38). De-
creased glucokinase activity causes an unusual form of
maturity onset diabetes in youth (MODY-2) characterized
by decreased insulin secretion at normal plasma glucose
concentrations (39). Other pathways influence the �-cell
ATP/ADP ratio and stimulate insulin secretion. For ex-
ample, leucine stimulates activity of glutamate dehydro-

genase, which converts glutamate to �-ketoglutarate, an
intermediary in the Krebs cycle, and results in production
of ATP. Glutamate dehydrogenase is constitutively active
in patients with the syndrome of hyperinsulinemia and
hyperammonemia (40).

V. CLINICAL MANIFESTATIONS
OF HYPOGLYCEMIA

The symptoms of hypoglycemia are not specific. There-
fore, when a patient’s symptoms are suspected to be
caused by hypoglycemia, it is essential to measure the
blood glucose concentration, confirm that it is low, and
demonstrate that administration of glucose promptly re-
lieves the symptoms.

The symptoms of hypoglycemia (Table 2) can be
classified into two major categories based on the mecha-
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Table 2 Signs and Symptoms of Hypoglycemia

Autonomic Neuroglycopenic

Sweating
Hunger
Paresthesias

(tingling, numbness)
Tremors
Pallor
Anxiety
Nausea
Palpitations

Warmth
Fatigue
Weakness
Dizziness
Headache
Inability to concentrate
Drowsiness
Blurred vision
Difficulty speaking
Confusion
Bizarre behavior
Loss of coordination
Difficulty walking
Coma
Seizures

nism responsible for their generation: autonomic symp-
toms result from activation of the autonomic nervous sys-
tem (both sympathetic and parasympathetic divisions);
neuroglycopenic symptoms result from the effects of brain
glucose deprivation. The symptoms of hypoglycemia in
children are similar to those in adults. In newborn babies
and infants hypoglycemia typically manifests as irritabil-
ity, tremors, feeding difficulty, lethargy, hypotonia, tach-
ypnea, cyanosis, or apnea. Hypoglycemia in this age
group is discussed in Chapter 23.

VI. CAUSES OF HYPOGLYCEMIA IN
INFANTS AND CHILDREN

The most common cause of hypoglycemia in children is
insulin-induced hypoglycemia in individuals with type 1
diabetes mellitus. This is discussed later in this chapter.
Almost all cases of hypoglycemia can be classified into
one of the five major categories listed in Table 3.

A. Accelerated Starvation
(Ketotic Hypoglycemia; Transient
Intolerance of Fasting)

So-called ketotic hypoglycemia is the most common non-
iatrogenic cause of hypoglycemia in children beyond in-
fancy. Hypoglycemia typically first occurs between 18
months and 5 years of age and remits spontaneously by
8 or 9 years of age. Many children with accelerated star-
vation are small and thin for their age and have decreased
muscle mass. Many were born small for gestational age
and may have had transient neonatal hypoglycemia. Hy-
poglycemia typically occurs during periods of intercurrent
illness when food intake is limited by anorexia or vom-
iting, and occurs in the morning before breakfast. Mani-

festations include neurological symptoms ranging from
lethargy to seizures and coma. Sometimes, hypoglycemia
occurs in the morning after unusually intense physical ex-
ertion on the previous day or after the child has eaten
poorly or completely omitted an evening meal.

The precise pathophysiological cause of accelerated
starvation is unclear. Serum alanine levels are low at the
time of hypoglycemia. Hypoglycemia has been attributed
to decreased glucose production because of deficient
availability of gluconeogenic substrate, especially alanine
from muscle (41). The gluconeogenic pathway is intact,
and the serum glucose concentration increases appropri-
ately when alanine is infused at the time of hypoglycemia.
However, the cause of the hypoalaninemia is the subject
of controversy. It may be the result of a specific defect in
protein catabolism or reflect decreased muscle mass. An
alternative explanation is that hypoalaninemia is a con-
sequence of decreased muscle glucose uptake in response
to decreasing plasma glucose concentrations and increas-
ing levels of FFA and ketone bodies, which would affect
flux through the glucose–alanine–glucose cycle (22). The
plasma epinephrine response to hypoglycemia is reduced
in about half the patients with ketotic hypoglycemia (42).
It has been suggested that these children may have a de-
ficient catecholamine response to hypoglycemia that re-
sults in increased glucose utilization. This conclusion is
suspect in light of new knowledge that recent antecedent
hypoglycemia elevates the threshold for autonomic, in-
cluding epinephrine, and symptomatic responses to sub-
sequent hypoglycemia in healthy individuals (43–45).

After 8–16 h, children with accelerated starvation
show the same metabolic pattern as normal healthy chil-
dren fasted for 24–36 h. In many instances, the differ-
entiation between accelerated starvation and the normal
response to fasting is indistinct. Because approximately
one-fourth of normal children develop hypoglycemia after
a fast of 24–36 h duration (3), accelerated starvation may
not be a distinct pathological disorder. Rather, it may rep-
resent one end of the spectrum of the normal child’s re-
sponse to starvation (46, 47).

B. Diagnosis

Because ketosis (and ketonuria) is a normal response to fast-
ing and a falling plasma glucose concentration, ketotic hy-
poglycemia should not be regarded as a specific diagnosis
(see section on overview of fuel metabolism). The differ-
ential diagnosis of the hypoglycemic child with an appro-
priately suppressed serum insulin concentration and ketosis
is shown in Table 4. Accelerated starvation is a diagnosis of
exclusion that should only be made when the other causes
of so-called ketotic hypoglycemia have been ruled out.

Children with accelerated starvation typically become
hypoglycemic in 12–24 h and have a normal metabolic
and hormonal response to fasting. At the time of hypo-
glycemia, blood ketone body concentrations are raised,
there is ketonuria, plasma alanine concentration is low,
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Table 3 Causes of Hypoglycemia in Children

Accelerated starvation (so-called ketotic hypoglycemia)
Hyperinsulinism

PHHI
Insulinoma
Beckwith-Wiedemann syndrome
Sulfonylurea ingestion
Factitious

Hormone deficiency
ACTH/cortisol
GH
Hypopituitarism (ACTH/cortisol and GH)

Metabolic defects
Disorders of carbohydrate metabolism

Glycogen synthase deficiency
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
• PEPCK deficiency
• Fructose-1,6-bisphosphatase deficiency

Disorders of fatty acid oxidation and ketone synthesis
Carnitine transport and metabolism
�-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) (250, 251)
Salicylate intoxication
Reye syndrome
Ethanol intoxication
Malaria
Diarrhea
Malnutrition
Jamaican vomiting sickness (ingestion of unripe ackee)
Reactive hypoglycemia (dumping syndrome) (252, 253)
Carbohydrate-deficient glycoprotein syndrome (254)

and blood lactate and pyruvate levels are normal (48).
Plasma insulin levels are appropriately suppressed and the
concentrations of counterregulatory hormones are in-
creased. The glycemic response to glucagon (0.03 mg/kg
intramuscularly (IM) or intravenously (IV); maximum 1
mg) is normal in the fed state, but blunted at the time of
hypoglycemia.

C. Treatment

Treatment consists of educating parents to ensure that the
child avoids prolonged periods of fasting. A bedtime
snack consisting of both carbohydrate and protein pre-
vents further episodes of hypoglycemia. During intercur-
rent illness, providing carbohydrate-rich drinks at frequent
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Table 4 Differential Diagnosis of
Ketotic Hypoglycemia

Liver large
Glycogen storage diseases (types I, III, VI, IX)
Disorders of gluconeogenesis (e.g., fructose 1,6-

bisphosphatase)
Liver normal size

Accelerated starvation (ketotic hypoglycemia)
Cortisol/ACTH deficiency
GH deficiency
Panhypopituitarism
Glycogen synthase deficiency
Short-chain fatty acid oxidation disorders
Organic acidemias (e.g., maple syrup urine disease,

methylmalonic acidemia)

Table 5 Clinical and Biochemical Features of Hyperinsulinemic Hypoglycemia

Usually less than 12 months of age at presentation
Hypoglycemia soon after feeding (0–5.5 h, average �2 h)
Urinary ketones negative, trace, or small
Serum insulin �2 �U/ml (15 pmol/l) with plasma glucose <45 mg/dl (2.5 mmol/l)
Increased serum C-peptide concentration
Plasma ketone (�-OH-butyrate and acetoacetate) concentrations inappropriately low
Brisk glycemic response to glucagon >30 mg/dl (1.7 mmol/l)
Parenteral glucose required to maintain normoglycemia is two to four times greater than

glucose production rate (�6 mg/kg/min)
Decreased plasma branched-chain amino acids (valine, leucine, isoleucine)
Decreased IGF-binding protein-1 (IGFBP-1); all other endocrinologic and metabolic

abnormalities with fasting hypoglycemia are associated with decreased insulin secretion and
increased IGFBP-1 levels

Leucine and/or tolbutamide causes an exaggerated hyperinsulinemic response
GH, cortisol concentrations usually normal but may be inappropriately low if hypoglycemia

occurs gradually or is recurrent (blunted counterregulatory hormone responses)

intervals during both the day and night can prevent hy-
poglycemia. Parents are instructed to test urine for ketones
during intercurrent illnesses. The appearance of ketonuria
precedes the onset of hypoglycemia by several hours. Re-
cently, a new meter (Precision Xtra; Abbott Laboratories,
Inc., Bedford, MA, USA) has become available, which
accurately measures blood �-hydroxybutyrate concentra-
tion on a small drop of blood (49). This may prove quite
useful as an alternative method of monitoring the devel-
opment of ketosis during periods of illness or poor food
intake in the child with ketotic hypoglycemia. If the child
cannot tolerate oral carbohydrate, intravenous glucose is
necessary to avert the development of hypoglycemia.

VII. HYPERINSULINISM

Hyperinsulinism caused by generalized �-cell dysfunction
is the most common cause of persistent hypoglycemia in

infants and young children. Islet cell adenomas are rare
in children less than 1 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 hypoglycemia) (50).

In the past decade, considerable progress has been
made toward elucidating the pathophysiology of the het-
erogeneous disorders that cause hyperinsulinemic hypo-
glycemia. Several distinct genetic forms of congenital hy-
perinsulinism have been described (51). The most
common variety is an autosomal recessive defect (52)
caused by homozygous mutations in either the SUR1 gene
(53, 54) or in the Kir6.2 gene (55, 56). Both genes encode
components of the KATP channel involved in glucose-reg-
ulated insulin release, and mutations in these genes result
in uncoupling of insulin secretion from glucose metabo-
lism.

The principal clinical and biochemical features of hy-
perinsulinemic hypoglycemia are summarized in Table 5.
Patients with autosomal recessive hyperinsulinism due to
SUR/Kir6.2 mutations typically present as macrosomic
babies with severe intractable hypoglycemia soon after
birth. This disorder is discussed in more detail in Chap-
ter 23.

Unlike the autosomal recessive defects of the KATP

channel that result in diffuse �-cell dysfunction, the spo-
radic form of hyperinsulinemic hypoglycemia (HHI) can
result in either focal or diffuse hyperplasia of �-cells. Fo-
cal adenomatous hyperplasia occurs in 30–40% of spo-
radic cases and 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 heter-
ozygosity of 11p15) (57–60). Two hypotheses have been
proposed to explain focal hyperplasia. The loss of heter-
ozygosity may unmask a recessively inherited SUR1 or
Kir6.2 mutation located on the paternal allele. An alter-
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native 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 �-cell proliferation (61). The patient
with focal adenomatous hyperplasia cannot be differenti-
ated clinically from the patient with diffuse disease. How-
ever, pancreatic venous sampling and intraoperative his-
topathological examination of the pancreas have been
successfully used to differentiate between the two (62,
63). If focal disease can be identified, a more limited pan-
createctomy can be performed, thereby curing the patient
and obviating the risk of postsurgical diabetes mellitus.

Two distinct forms of autosomal dominant hyperin-
sulinism have been described, both with milder clinical
phenotypes than the autosomal recessive form. Patients
are not macrosomic at birth and may not present with
hypoglycemia until later in childhood or adulthood; hy-
poglycemia is usually more easily controlled with either
diet alone or with diazoxide (64, 65). It responds well to
dietary or pharmacological therapy and is generally as-
sociated with an excellent prognosis. One form of auto-
somal dominant hyperinsulinism is caused by an activat-
ing mutation in �-cell glucokinase that results in increased
affinity of the enzyme for glucose (38). Glucokinase nor-
mally has low affinity for glucose and is the rate-limiting
step in �-cell glucose metabolism. In the initial descrip-
tion 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 activ-
ity 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 in-
sulin secretion, 36–45 mg/dl (2.0–2.5 mM). A defect in
glucokinase can be missed if the critical sample is ob-
tained when the plasma glucose concentration is below
the threshold for insulin secretion. If this diagnosis is sus-
pected, 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 100–200 �mol/
l or approximately three to six times normal) that is not
associated with any abnormality of the amino acids or
organic acids characteristic of defects in the urea cycle
(40, 66–69). Familial cases with an autosomal dominant
pattern of inheritance have been documented; however,
the majority of cases have been sporadic. The hypogly-
cemia may go unrecognized until adulthood. It usually
responds well to diet and diazoxide. The syndrome is
caused by a gain of function mutation of mitochondrial
glutamate dehydrogenase, which causes excessive gluta-
mate oxidation in the �-cell and increased formation of
�-ketoglutarate, an intermediary in the Krebs cycle (40).
Increased glutamate oxidation increases the ratio of ATP/
ADP resulting in unregulated release of insulin. In the

liver, increased glutamate oxidation decreases the gluta-
mate concentration and results in decreased synthesis of
N-acetylglutamate, an allosteric activator of carbamoyl
phosphate synthetase, which catalyzes the first step in ure-
agenesis (40).

Despite the extraordinary advances in understanding
of the pathophysiology of hyperinsulinism, only 30–50%
of patients have a definable genetic abnormality (37, 70).
It is likely that other abnormalities will be revealed as the
search continues for new defects in the secretory appara-
tus, including defects in the intracellular control of cal-
cium signaling of exocytosis (70).

A. Diagnosis

Hyperinsulinism should be considered in any infant or
child with hypoketotic hypoglycemia (Table 5). Hyper-
insulinism is the probable diagnosis in a child with hy-
poglycemia whose concomitant serum insulin level is >2
�U/ml. Malicious insulin administration should be sus-
pected if severe hypoglycemia is associated with very
high serum insulin (>100 �U/ml), and is confirmed by
finding concomitantly low or suppressed serum C-peptide
levels.

Reliable noninvasive methods are still not available
to differentiate among an adenoma, focal adenomatous
hyperplasia, and diffuse �-cell dysfunction. Sonographic
and computerized axial tomography (CT) are both insen-
sitive imaging modalities. For patients who fail to respond
to pharmacological therapy (especially in those without a
family history of hyperinsulinism), more extensive eval-
uation at a specialized center is recommended before un-
dertaking a 95–99% pancreatectomy. The type and loca-
tion of the pancreatic lesion (diffuse disease vs. focal
adenomatous hyperplasia) can be determined by preop-
erative pancreatic catheterization and intraoperative his-
topathological studies of the pancreas (evaluation of �-
cell nuclear radius and cell density) (62, 71). Armed with
this information, the surgeon may be able to choose be-
tween a partial pancreatectomy for a focal lesion and a
near-total pancreatectomy for a diffuse lesion. It has re-
cently been shown that in neonates with hyperinsulinism
about half may have focal islet-cell hyperplasia that can
be treated with partial pancreatectomy (63).

B. Treatment

The goal of therapy is to prevent hypoglycemia in order to
protect the developing brain from damage. Successful treat-
ment should maintain the plasma glucose concentration
above 60 mg/dl (3.3 mmol/l) on a feeding schedule appro-
priate for the age of the child. For example, for up to 12 h
in infants up to 1 year of age, or 16 h or more in older
children. Prompt effective treatment is necessary to minimize
the risk of long-term adverse neurological sequelae (72).

Oral diazoxide, which opens normal KATP channels
and thereby suppresses insulin secretion, should be given
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a trial starting at a dosage of 10 mg/kg per day (15–25
mg/kg per day in three doses at 8 h intervals) (70). If no
effect is observed at a dosage of 25 mg/kg per day, it is
not worthwhile to increase the dose further because this
will cause worsening of side effects (edema, hypertri-
chosis) without improving efficacy. The effect of diazox-
ide may be potentiated by the addition of a thiazide diu-
retic (chlorothiazide 7–10 mg/kg per day divided twice
daily) which acts synergistically with diazoxide (activates
potassium channels by a different mechanism) and de-
creases edema (70). Diazoxide is ineffective in infants
whose hyperinsulinism is caused by mutations resulting
in functional inactivation of the KATP channel.

A long-acting injectable somatostatin analog (Octreo-
tide) may be successful in maintaining normoglycemia in
up to 50% of cases of congenital hyperinsulinism. Oc-
treotide inhibits insulin secretion by decreasing intracel-
lular translocation of calcium ions into � cells and through
a direct effect on secretory granules. It may also mediate
G-protein activity in the potassium channel (73). The
starting dosage is 5 �g/kg every 6–8 h. If glucose is not
maintained �60 mg/dl, the dosage of Octreotide is in-
creased up to a maximum of 40–60 �g/kg daily, divided
into three to six doses. Gastrointestinal side effects usually
limit the tolerable dosage of Octreotide. Because of the
marked variability of response to Octreotide, the thera-
peutic regimen has to be adapted for each individual pa-
tient and its effects closely monitored (74).

More recently, nifedipine (a calcium channel blocker)
has been used to treat HHI that is unresponsive to con-
ventional therapy (75–78). Experience with its use is still
very limited. However, after failure of diazoxide and/or
somatostatin analog to restore euglycemia, nifedipine
(0.7–2.5 mg/kg/day) has been used successfully to main-
tain normoglycemia in at least three patients (76, 77). The
clinical response to this drug is highly variable and it is
currently not possible to predict which children will re-
spond without a trial.

Continuous subcutaneous (SC) infusions of Octreo-
tide (5–20 �g/kg/day) or glucagon (1–10 �g/kg/hour) IV
or SC can be used to stabilize the hypoglycemia in pa-
tients prior to surgery. They should be used when the
orally administered drugs have been shown not to be ef-
fective, particularly if the child remains dependent on a
glucose infusion to maintain normoglycemia. When used
in high dosages, both hormones cause tachyphylaxis.
Many infants fail to respond to medical therapy and re-
quire a 95–99% subtotal pancreatectomy to restore nor-
moglycemia (79).

VIII. HORMONE DEFICIENCY

A. ACTH/Cortisol Deficiency

Cortisol limits glucose utilization in several tissues, in-
cluding skeletal muscle, by directly opposing the action

of insulin and, secondarily, by promoting lipolysis. It
stimulates protein breakdown and increases release of glu-
coneogenic precursors from muscle and fat. Cortisol stim-
ulates hepatic gluconeogenesis and glycogen synthesis
and exerts permissive effects on the gluconeogenic and
glycogenolytic effects 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 pri-
mary adrenal failure. Nevertheless, adrenocortical insuf-
ficiency should be considered in the differential diagnosis
of patients who present with hypoglycemia and ketosis.
In infancy and early childhood, adrenocortical insuffi-
ciency may be secondary to congenital adrenal hypoplasia
or congenital adrenal hyperplasia (rarely). In older chil-
dren, adrenocortical insufficiency is more likely to be
caused by Addison’s disease. ACTH deficiency or pan-
hypopituitarism can present with hypoglycemia in infancy
or in later childhood. Hypoglycemia caused by isolated
deficiency of ACTH is rare (80, 81); it is more common
in children with multiple pituitary hormone (including GH
and ACTH) deficiencies (82).

B. Diagnosis

A serum cortisol concentration <10 �g/dl at the time of
hypoglycemia should suggest the diagnosis. The diagnosis
is confirmed by definitive tests that evaluate the hypo-
thalamopituitary–adrenal axis.

Treatment consists of physiological replacement of
cortisol and mineralocorticoids (when necessary).

C. Hypopituitarism (Isolated GH Deficiency,
Multiple Pituitary Hormone Deficiencies)

GH decreases sensitivity to insulin, stimulates lipolysis,
and decreases glucose utilization. Congenital hypopitui-
tarism often presents in the newborn period with hypo-
glycemia, persistent hyperbilirubinemia, and a microphal-
lus (83). About 20% of children with isolated GH
deficiency or multiple anterior pituitary hormone deficien-
cies present with fasting hypoglycemia and ketosis (84).
The occurrence of hypoglycemia in children with GH de-
ficiency is inversely related to age (84, 85). The combi-
nation of low serum GH and cortisol 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 (86). Patients with insulin-like
growth factor 1 (IGF-1) deficiency (Laron syndrome)
have high GH levels, but are otherwise indistinguishable
from patients with isolated GH deficiency. These patients
are prone to symptomatic hypoglycemia in infancy (87);
the tendency to develop hypoglycemia ameliorates with
advancing age. Pituitary GH secretory reserve should be
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formally tested if there is any suspicion of GH insuffi-
ciency.

Treatment of panhypopituitarism consists of replacing
thyroxine, cortisol, and GH.

IX. DISORDERS OF GLYCOGEN SYNTHESIS
AND GLYCOGEN DEGRADATION

A. Glycogen Synthase Deficiency

This is a rare autosomal recessive disorder caused by mu-
tations in the human liver glycogen synthase (GYS2) gene
(88) on chromosome 12p12.2, resulting in lack of glyco-
gen synthase activity in the liver. Because dietary carbo-
hydrate cannot be stored as glycogen, glucose is prefer-
entially converted to lactate. The disorder causes a unique
metabolic disturbance characterized by fasting hypogly-
cemia and hyperketonemia alternating with daytime hy-
perglycemia and hyperlacticacidemia after meals. The gly-
cogen content of the liver is markedly decreased (0.5 g/
100 g wet weight 4–6 h after a meal); the liver is not
enlarged. The disorder should be considered in children
who have hypoglycemia and ketonuria before the first
meal of the day (Table 4) (89).

The goal of treatment is to prevent hypoglycemia and
ketosis during the night and hyperglycemia and hyperlac-
ticacidemia during the day. Fasting hypoglycemia is pre-
vented by administration of uncooked cornstarch at bed-
time. During the day, patients are fed frequently (e.g.,
every 4 h). The diet should contain increased amounts of
protein to provide substrate for gluconeogenesis (90) and
a correspondingly reduced amount of carbohydrate to
minimize postprandial hyperglycemia and hyperlacticaci-
demia (89).

B. Glucose-6-Phosphatase Deficiency
(Type I Glycogen Storage Disease)

Type I glycogen storage disease (GSD-I) is an autosomal
recessive disease that results from lack of glucose-6-phos-
phatase activity, the enzyme that catalyzes the final step
in the production of glucose from glucose-6-phosphate
(91) (Fig. 3). At least 30 different mutations in the gene
encoding glucose-6-phosphatase on chromosome 17q21
have been found in patients with GSD-Ia (92). Glucose
production both from glycogenolysis and gluconeogenesis
is severely impaired, resulting in postprandial hypogly-
cemia and increased production of lactic acid, uric acid,
and triglycerides (Fig. 3). Glycogen and fat accumulate in
the liver, resulting in hepatomegaly and a protuberant ab-
domen. Symptomatic hypoglycemia may be detected soon
after birth; however, most infants are asymptomatic as
long as they receive frequent feedings containing suffi-
cient glucose to prevent hypoglycemia. Symptoms of hy-
poglycemia usually appear when the interval between
feedings increases and the infant begins to sleep through
the night. Characteristic manifestations in untreated pa-

tients are a progressive decrease in linear growth, muscle
wasting, delayed motor development, and a cushingoid
appearance (93). The kidneys are enlarged; renal tubular
dysfunction and glomerular hyperfiltration are common in
childhood. Increased urinary albumin excretion may be
observed in adolescents (94). More severe renal injury
(proteinuria, hypertension, decreased creatinine clearance)
due to focal segmental glomerulosclerosis and interstitial
fibrosis, and hypercalciuria and nephrocalcinosis are com-
mon in young adults (95, 96). Inadequate therapy causes
severe retardation of physical growth and delayed puberty.
Hepatic adenomas usually develop in the second and third
decades of life, and may undergo malignant degeneration
or hemorrhage (97).

Patients with type Ib glycogen storage disease (defi-
ciency of the glucose-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 mani-
festations (98). In addition, they have either constant or
cyclic neutropenia associated with recurrent bacterial in-
fections. Neutropenia of varying severity is a consequence
of disturbed myeloid maturation and is accompanied by
functional defects of circulating neutrophils and mono-
cytes (99). Some patients develop an inflammatory bowel
disease resembling Crohn’s disease that is responsive to
treatment with granulocyte colony-stimulating factor
(GCSF) (100).

C. Diagnosis

In infancy, severe hypoglycemia accompanied by marked
hyperlacticacidemia develops 3–4 h after a feed. The se-
rum is often cloudy or milky with very high triglyceride
and moderately increased levels of cholesterol. Serum uric
acid is increased and serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels are
moderately elevated. Glucagon causes either no or only a
small increase in blood glucose, whereas the already el-
evated blood lactate level increases further. Lack of glu-
cose-6-phosphatase activity on a liver biopsy specimen
confirms the diagnosis. In many patients mutational anal-
ysis can be used to confirm the diagnosis and obviate the
need to perform liver biopsy.

Treatment consists of providing a continuous dietary
source of glucose at a rate that prevents the blood glucose
level from falling below the threshold for glucose coun-
terregulation, approximately 70 mg/dl. When hypoglyce-
mia is prevented by providing an appropriate amount of
glucose throughout the day and night, the biochemical ab-
normalities are ameliorated, liver size decreases, the
bleeding tendency is reversed, and growth improves
(101). The amount of glucose required varies among pa-
tients, but can be approximated, initially, by using the for-
mula for calculating basal glucose production rate as a
guide:



Hypoglycemia 587

Figure 3 Schematic outline of glucose metabolism shows pathways of glycogen synthesis, glycogen degradation, glycolysis,
and gluconeogenesis. Key enzymes are designated by number. 1, hexokinase/glucokinase; 2, glycogen synthase; 3, phospho-
rylase; 4, Amylo-1,6-glucosidase (glycogen debrancher); 5, galactose-1-phosphate uridyl transferase; 6, phosphoglucomutase;
7, glucose-6-phosphatase; 8, phosphofructokinase; 9, fructose-1,6-bisphosphatase; 10, fructose-1-phosphate aldolase; 11, pyru-
vate carboxylase; 12, phosphoenolpyruvate carboxykinase.

3 2y = 0.0014x � 0.214x � 10.411x � 9.084

where y = mg glucose/min, and x = body weight in kg
(2). Glucose itself or glucose-containing polymers can be
given intermittently during the day and continuously (via
a nasogastric tube or gastrostomy) at night. As an alter-
native, after 6–8 months of age, intermittent feedings of
uncooked cornstarch can be used as the source of contin-
uous glucose administration (102). Orally administered
uncooked cornstarch appears to act as an intestinal res-
ervoir of glucose that is slowly absorbed into the circu-
lation. It is given in a slurry of water or artificially fla-
vored drink (or in milk or lactose-free formula for infants)

at 3–5 h intervals during the day and 4 or 5 h intervals
overnight (103–105).

D. Amylo-1,6-Glucosidase Deficiency
(Type III Glycogen Storage Disease;
Glycogen Debranching
Enzyme Deficiency)

The glycogen debrancher enzyme (GDE) gene is on chro-
mosome 1p21 (106). The disorder is transmitted as an
autosomal recessive trait. Absence of GDE activity per-
mits breakdown of glycogen to proceed until the outer-
most branch points are reached. This leaves a limit dex-
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trin, which consists of the core of the molecule bearing
short branches about four glucose units in length. Some
80–85% of patients with GSD III lack GDE activity (de-
ficiency of transferase and glucosidase activities) in both
liver and muscle (GDE-IIIa) (91) and show clinical evi-
dence of hepatic dysfunction and myopathy. About 15%
of patients have GDE deficiency only in the liver (GSD
IIIb) (91). In rare cases, there is selective loss of only one
of the two GDE activities (glucosidase [type IIIc] or trans-
ferase [type IIId]) (107, 108). GSD types IIIa and IIIb
have different prognoses and outcomes. Myopathy and
cardiomyopathy are common in GSD IIIa and can lead to
early death or debilitation in adult life. Muscle involve-
ment can be inferred from high plasma creatine kinase
concentrations.

Several distinct clinical features differentiate type III
from type I GSD. Because glucose can be produced from
1,4 segments beyond the outermost branch points and
from gluconeogenesis, patients with GDE deficiency are
able to tolerate longer periods of fasting and develop less
severe hypoglycemia than patients with glucose-6-phos-
phatase deficiency. Infants who are fed frequently may not
have symptoms. Fasting causes hypoglycemia with keto-
sis (as a result of an accelerated transition to the starving
state) (109), mild hypercholesterolemia, and hypertrigly-
ceridemia, without elevation of blood lactate and serum
uric acid concentrations. Liver enzyme levels (AST, ALT,
alkaline phosphatase, lactic dehydrogenase [LDH]) are
consistently elevated in children, but decline at puberty
concomitant with a decrease in liver size and may be nor-
mal in adults (110). Patients frequently present with
growth failure and hepatomegaly, which may be associ-
ated with an enlarged spleen at 4–6 years of age in pa-
tients who have hepatic fibrosis. The kidneys are not en-
larged, nor does renal dysfunction occur. Untreated infants
and children have a decreased rate of linear growth and
puberty is delayed. The enzyme is lacking in muscle in
about 85% of patients; however, weakness is usually min-
imal and not clinically significant in childhood. A subset
of patients primarily manifest myopathic symptoms (usu-
ally in their third and fourth decades), and myopathy may
be progressive. Abnormal glycogen (limit dextrin) may
also accumulate in the heart. Subclinical evidence of car-
diac involvement is common and manifests as ventricular
hypertrophy on electrocardiography (ECG) and an abnor-
mal echocardiograph (111). Some patients develop a car-
diomyopathy similar to hypertrophic obstructive cardio-
myopathy (112). Hepatic adenomata occur less frequently
in patients with GSD III than in GSD I; and the transfor-
mation of an adenoma into a hepatocellular carcinoma is
rare. With the exception of myopathy, symptoms and signs
characteristically ameliorate with increasing age. The size
of the liver tends to decrease to normal during puberty;
however, biopsy usually shows hepatic fibrosis and some
adult patients develop cirrhosis and its complications
(113).

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 2 h after a
high-carbohydrate meal, which lengthens the outer
branches of glycogen, a glycemic response does occur.
Definitive diagnosis and subtyping require a biopsy of
both liver and muscle for assay of enzyme activity.

As in type I GSD, continuous provision of an ade-
quate amount of glucose, using uncooked cornstarch,
combined with a normal intake of total calories, protein,
and other nutrients corrects the clinical and biochemical
disorder and restores normal growth. Uncooked corn-
starch, 1.75 g/kg at 6 h intervals (e.g. at midnight, 6 a.m.,
etc.) maintains normoglycemia, increases growth velocity,
and decreases serum aminotransferase concentrations
(114, 115).

For patients with type III disease who have significant
growth retardation and myopathy, continuous nocturnal
feeding of a nutrient mixture composed of glucose, glu-
cose oligosaccharides, and amino acids combined with
meals that have a high protein content has been shown to
improve muscle strength (116). The composition of the
diet should be 55–60% carbohydrates, 15–20% protein,
and 20–30% fat. Milk products and fruits can be allowed
without restriction, as galactose and fructose can be nor-
mally converted to glucose.

E. Hepatic Phosphorylase
Complex Deficiency

The glycogen storage diseases associated with a reduction
in liver phosphorylase activity are a heterogeneous group
of disorders that includes autosomal recessive liver gly-
cogen phosphorylase deficiency (type VI or Hers’ dis-
ease), an autosomal recessive phosphorylase kinase b de-
ficiency (type VIII), and X-linked phosphorylase kinase
deficiency (type IX) (93). They are all mild forms of he-
patomegalic glycogenosis without hyperlacticacidemia or
hyperuricemia.

These disorders present in infancy or early childhood
and are characterized by mild to moderate hypoglycemia,
ketosis, growth retardation, and prominent hepatomegaly.
Blood levels of lactic acid and uric acid are normal. The
heart and skeletal muscle are not affected. The clinical
course is benign. Symptoms remit and hepatomegaly de-
creases at puberty. The prognosis is excellent.

F. Phosphorylase Kinase Deficiency

This is the most common disorder in this group, account-
ing for about 25% of all cases of GSD and occurs with a
frequency of approximately 1 in 100,000 births (91, 117).
X-linked liver glycogenosis (XLG) is the most common
type of phosphorylase kinase (PHK) deficiency and is
usually a mild disease. Patients seldom have symptomatic
hypoglycemia during infancy unless they fast for a pro-
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longed period of time, in which case they can develop
hyperketosis similar to, but usually milder than, that seen
in type III GSD. Metabolic acidosis is rare. The disorder
is usually discovered in early childhood when an enlarged
liver and protuberant abdomen are noted during a physical
examination. Physical growth may be retarded, and motor
development may be delayed as a consequence of mus-
cular hypotonia in the rare case with reduced enzyme ac-
tivity in muscle as well as liver. Hypoglycemia is unusual
and blood lactate and uric acid levels are normal. Mild
hypertriglyceridemia, hypercholesterolemia, and elevated
serum AST and ALT levels may be present. Functional
tests are not especially useful in evaluating these patients.
The administration of glucagon after an overnight fast
usually elicits a brisk glycemic response without a rise in
the blood lactate level. The glycemic response to glucagon
cannot be used to differentiate between phosphorylase ki-
nase deficiency and lack of phosphorylase itself. The en-
larged liver regresses when patients reach puberty. With
increasing age, clinical and biochemical abnormalities
gradually disappear, and most adult patients are asymp-
tomatic despite persistent PHK deficiency.

Liver phosphorylase deficiency can be difficult to di-
agnose biochemically and difficult to differentiate from
deficiency of phosphorylase kinase. Mutation analysis
may aid in the laboratory diagnosis of deficiencies of the
liver phosphorylase system. Definitive diagnosis of phos-
phorylase kinase b deficiency requires demonstration of
the enzymatic defect in affected tissues.

Most patients do not require treatment; however pro-
longed fasting should be avoided. For the minority of pa-
tients who are prone to fasting hypoglycemia during
childhood, a late night snack will usually suffice to pre-
vent morning hypoglycemia. In the unusual patient who
experiences overnight hypoglycemia and ketosis, un-
cooked cornstarch, 2 g/kg at bedtime, prevents hypogly-
cemia and ketosis (118).

X. DISORDERS OF GLUCONEOGENESIS

Disorders of gluconeogenesis may be caused by defi-
ciency of one of the key gluconeogenic enzymes (pyru-
vate carboxylase, phosphoenolpyruvate carboxykinase,
fructose-1,6-bisphosphatase, and glucose-6-phosphatase)
(Fig. 3). In addition to these inborn errors of metabolism,
gluconeogenesis is impaired in hereditary fructose intol-
erance, by ingestion of ethanol, in children with Jamaican
vomiting sickness, falciparum malaria, severe diarrhea,
and in salicylate intoxication. Hypoglycemia caused by
disorders of gluconeogenesis is characteristically accom-
panied by hyperlacticacidemia and hyperalaninemia.

A. Phosphoenolpyruvate Carboxykinase
Deficiency

PEPCK is a unidirectional rate-limiting enzyme of glu-
coneogenesis that converts oxaloacetate to phosphoenol-

pyruvate (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 con-
centrations of lactate and pyruvate, a normal lactate/py-
ruvate ratio, and ketosis. The definitive diagnosis of
PEPCK deficiency depends on the demonstration of im-
paired enzyme activity on a liver biopsy. Treatment con-
sists of frequent feedings and avoiding fasting.

B. 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).
Hypoglycemia occurs during fasting and intercurrent ill-
ness and is associated with ketosis, hypertriglyceridemia,
and hyperuricemia. In the immediate postprandial period,
glucagon elicits a glycemic response (119). The biochem-
ical abnormalities caused by fructose-1,6-bisphosphatase
deficiency are similar to glucose-6-phosphatase defi-
ciency. Affected children typically fail to thrive. Hepato-
megaly is caused by fatty infiltration of the liver. Diag-
nosis is based on demonstrating decreased enzyme
activity in the liver. Treatment consists of eliminating di-
etary fructose and sucrose and avoiding prolonged fasts.
During intercurrent illness, intravenous glucose must be
given to arrest catabolism.

C. Hereditary Fructose Intolerance

This rare disorder is caused by deficiency of fructose-1-
phosphate aldolase (Fig. 3). Nursing infants are asymp-
tomatic until fruits and juices are added to their diet. It
usually presents following the introduction of a commer-
cial 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, jaun-
dice, 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-bisphospha-
tase (120). Chronic fructose intoxication can occur after
infancy without causing symptoms of acute fructose in-
toxication and can be expressed as an apparently isolated,
reversible retardation of somatic growth. The diagnosis is
suggested by fructosuria after meals; a fructose tolerance
test results in hypoglycemia. Traditionally, the diagnosis
has been made by intravenous fructose challenge or by
liver biopsy, both difficult and risky invasive tests. Iden-
tification of mutations of the aldolase B gene by analysis
of DNA from blood leukocytes is now possible, allowing
for the potential of a noninvasive diagnosis (121).



590 Wolfsdorf and Weinstein

D. Alcohol Intoxication

Ingestion of alcohol by children and adolescents can cause
hypoglycemia several hours after its consumption as a re-
sult of inhibition of gluconeogenesis (122). Ethanol inhib-
its gluconeogenesis because its metabolism by alcohol de-
hydrogenase depletes hepatic nicotinamide adenine
dinucleotide, a cofactor critical to the entry of most pre-
cursors into the gluconeogenic pathway. It does not inhibit
glycogenolysis (123). Ethanol also inhibits cortisol and
GH responses to hypoglycemia (122). When hepatic gly-
cogen stores are adequate, ethanol does not cause hypo-
glycemia. However, severe hypoglycemia occurs when
glycogen is depleted as a result of ethanol consumption
without food, or after accidental alcohol ingestion after an
overnight fast in a young child. Glucagon cannot raise the
blood glucose level; treatment of ethanol-induced hypo-
glycemia should always be with administration of intra-
venous glucose.

E. Salicylate Poisoning

High dosages of salicylates can lower the plasma glucose
concentration (124). Both hyperinsulinemia and reduced
gluconeogenesis have been observed following acute in-
gestion of aspirin (124). However, the precise mechanism
causing hypoglycemia is unclear. Salicylates may decrease
gluconeogenesis via their ability to uncouple oxidative
phosphorylation.

F. Malaria

Hypoglycemia is common in children with severe falci-
parum malaria in the absence of treatment with quinine
(125–128). Impaired gluconeogenesis is suggested by the
presence of high blood levels of ketones, lactate, and al-
anine at the time of hypoglycemia. Gluconeogenesis ap-
pears to be limited by an insufficient supply of precursors
and is unable to compensate for the decreased availability
of glucose from glycogen (129). Hypoglycemia has also
been described during treatment with quinine and has
been attributed to quinine’s hyperinsulinemic effect (124).
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 (128). Treat-
ment of hypoglycemia associated with malaria is with in-
travenous glucose.

G. Reye Syndrome

This syndrome typically follows viral infections with
varicella and influenza A and B. Aspirin has been impli-
cated in its pathogenesis. It is characterized by recurrent
vomiting, an altered level of consciousness, hyperpnea,
and hypoglycemia that is mainly the result of altered glu-
coneogenesis (130). Hypoglycemia occurs most often in
children less than 5 years of age. Increased plasma levels
of ammonia and free fatty acids suggest impaired urea-

genesis and fatty acid oxidation (131, 132). Recurrent ep-
isodes that mimic Reye syndrome should raise suspicion
for a fatty acid oxidation defect (see Sec. XIII). Treatment
is supportive (133, 134).

H. Diarrhea and Malnutrition

In developing countries, hypoglycemia is a common com-
plication of infectious diarrhea in both well-nourished and
poorly nourished children (135–137) and is a major cause
of death (138). Children with kwashiorkor frequently suf-
fer from severe hypoglycemia (139–141). Infants with ac-
quired monosaccharide intolerance after an episode of
gastroenteritis are also at increased risk for severe and
even fatal hypoglycemia when fed a carbohydrate-free
diet (142, 143).

Depletion of hepatic glycogen together with hepatic
steatosis is observed in children with fatal hypoglycemia
and diarrhea (144). Serum insulin levels are appropriately
suppressed and glucose counterregulatory hormone con-
centrations are appropriately elevated in children with di-
arrhea and hypoglycemia, whereas gluconeogenic sub-
strates are low suggesting that the hypoglycemia may be
due to failure of gluconeogenesis (138). Reduced avail-
ability of fat-derived fuels (FFA and ketones) may play
an important role in the development of hypoglycemia. In
children who developed hypoglycemia during acute diar-
rheal illness, �-hydroxybutyrate 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 malnu-
trition or because the oxidation of fat was impaired (138).
If fatty acids are less available (as may occur in malnu-
trition) or when oxidation of fatty acids is defective (e.g.,
as a result of acquired carnitine deficiency), hypoglycemia
is more likely to occur because body tissues and brain
(secondary to hypoketonemia) are more dependent on glu-
cose. The failure of gluconeogenesis in diarrheal illness,
therefore, may be a consequence of depleted fat stores,
defective fatty acid oxidation and ketogenesis, or a defect
in the hepatic enzymatic pathways required for gluconeo-
genesis (145).

Frequent feeding of children during diarrhea may
help to prevent hypoglycemia. When patients with diar-
rhea require parenteral therapy, dextrose-containing elec-
trolyte solutions should be used and the child’s blood glu-
cose level must be carefully monitored.

XI. DISORDERS OF AMINO
ACID METABOLISM

Several disorders of amino acid metabolism result in hy-
poglycemia with organic aciduria. These patients typically
have a delay in growth and development, recurrent vom-
iting, and may have hepatomegaly. Laboratory features
include hyperammonemia and hyperchloremic metabolic
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acidosis. Diagnosis depends on identification of specific
organic acids in the urine and analysis of liver biopsy
specimens or cultured fibroblasts (146).

A. Methylmalonic Acidemia

Methylmalonic acidemia results from a deficiency of
methylmalonyl-CoA mutase, a cobalamin-dependent en-
zyme involved in the carboxylation of propionyl-CoA. Pa-
tients typically present in the newborn period with ke-
toacidosis, hyperammonemia, hypoglycemia, and acute
encephalopathy. Hypoglycemia is due to impaired gluco-
neogenesis (147). Asymptomatic and benign variants are
also detected by the analysis of urine organic acids.
Plasma amino acid profile shows an increased concentra-
tion of glycine.

B. 3-Hydroxy-3-Methyl Glutaric Acidemia

3-Hydroxy-3-methylglutaryl CoA lyase catalyzes the last
step of leucine degradation and ketogenesis. Deficiency of
this enzyme results in a clinical presentation that includes
episodes of hypoketotic hypoglycemia, fatty liver, coma,
and mental delay (148).

C. Maple Syrup Urine Disease

Maple syrup urine disease (MSUD) is caused by a defi-
ciency of branched-chain keto acid dehydrogenase, the en-
zyme that decarboxylates �-keto acids of leucine, isoleu-
cine, and valine (149). The classic clinical presentation
consists of failure to thrive, acidosis, hypoglycemia, and
neurological symptoms with rapid deterioration when left
untreated. The pathogenesis of hypoglycemia is not en-
tirely clear, although it appears to result from defective
gluconeogenesis (150). 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 keto
acids and 2-hydroxy acids are essential for making the
diagnosis. Additional metabolites of the branched-chain
amino acids may be detected. The enzymatic defect can
be detected in leukocytes. Treatment consists of a diet
restricted in the precursors to the enzyme defect, avoid-
ance of and aggressive treatment of catabolic states, and
supplementation with carnitine and vitamin cofactors.
Treatment of acute episodes includes the administration of
glucose with or without insulin to increase removal of
branched-chain amino acids through enhanced protein
synthesis. Long-term treatment requires limiting protein
intake.

D. Hereditary Tyrosinemia
(Tyrosinemia Type I)

This disorder is caused by deficiency of fumarylacetoace-
tate hydrolase. Infants present with vomiting, diarrhea,

and failure to thrive. Liver disease and hypoglyemia are
consistent findings. A large amount of succinylacetone is
excreted in the urine. Diagnosis is confirmed by measure-
ment of fumarylacetoacetate hydrolase in the liver. Treat-
ment consists of a diet low in tyrosine and phenylalanine
in addition to the administration of 2-(2-nitro-4[trifluoro-
methyl] benzoyl)-1,3-cyclohexandione. Liver transplant is
an effective therapy.

XII. MISCELLANEOUS CAUSES
OF HYPOGLYCEMIA

A. Galactosemia

Galactosemia is caused by deficiency of galactose-1-phos-
phate uridyl transferase (Fig. 3), resulting in an inability
to convert galactose-1-phosphate to glucose-1-phosphate
(151). A defect in UDP-galactose-4-epimerase may cause
a similar presentation (152). Hypoglycemia occurs follow-
ing milk feedings. Although the precise mechanism caus-
ing hypoglycemia is unclear, there is evidence suggesting
that the accumulation of galactose-1-phosphate inhibits
phosphoglucomutase activity, thereby causing inhibition
of glycogenolysis (153). Patients may present with neo-
natal Escherichia coli sepsis, diarrhea, vomiting, failure
to thrive, hepatomegaly, jaundice, ascites, cataracts, and
mental retardation. The urine contains a reducing sub-
stance that is not glucose (urine gives a positive Clinitest
reaction but is negative with Clinistix) while the patient
is receiving galactose. The increased concentration of ga-
lactose-1-phosphate leads to intellectual impairment, cat-
aracts, hepatic dysfunction, renal tubular disease (Fan-
coni’s syndrome), and ovarian failure (154). Diagnosis is
confirmed by identifying a marked increase in blood lev-
els of galactose and galactose-1-phosphate and near-ab-
sent galactose-1-phosphate uridyl transferase activity in
red blood cells (155). Treatment consists of eliminating
galactose from the diet.

B. Liver Disease

Fasting hypoglycemia may occur in patients with a variety
of diseases and ingestion of various agents that cause
extensive damage to the liver parenchyma resulting in ful-
minant hepatic necrosis and liver failure (156). Hypogly-
cemia results from impaired glycogenolysis and gluco-
neogenesis. Treatment is supportive.

C. Jamaican Vomiting Sickness

The unripe ackee fruit of the Blighia surpida tree contains
a water-soluble toxin, hypoglycin, which produces vom-
iting, central nervous system depression, acute fatty liver,
and severe hypoglycemia. Hypoglycemia is caused by hy-
poglycin A, which inhibits gluconeogenesis secondary to
its interference with oxidation of long chain fatty acids
(157). The disease is endemic in Jamaica where ackee is
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part of the diet of the poor. It has been reported in the
United States resulting from the consumption of canned
ackee (158).

D. Glucose Transporters

Hypoglycorrhachia despite normal plasma glucose con-
centrations has been described in infants with a seizure
disorder, developmental delay and acquired microcephaly,
caused by a defect in the blood–brain 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 (159). Treatment is with a ketogenic diet to pro-
vide the brain with an alternative fuel source (160).

XIII. DISORDERS OF CARNITINE
METABOLISM, FATTY ACID
�-OXIDATION, AND
KETONE SYNTHESIS

Disorders of carnitine metabolism and fatty acid �-oxi-
dation are characterized by impaired ability to metabolize
free fatty acids 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 �18
carbons undergo a series of reactions that produce acetyl
CoA, a Krebs cycle intermediate and a precursor of he-
patic ketone body synthesis. Normally, ketones are an al-
ternative source of fuel for a variety of tissues, thereby
conserving glucose for oxidation by the brain and heart.
The paucity of ketones in fatty acid �-oxidation (FAO)
disorders results in continued dependence on and utiliza-
tion of glucose. FAO disorders result in the inability to
maintain fasting plasma glucose concentrations and ac-
cumulation of intermediates of �-oxidation, which cause
encephalopathy, arrhythmias, cardiac arrest, and sudden
death (161, 162).

The oxidation of fatty acids begins with the formation
of acyl-coenzyme A, which is transported across the mi-
tochondrial membrane by a carnitine-mediated transport
mechanism. Within the mitochondrion, carnitine is re-
moved and four reactions, catalyzed by membrane bound
enzymes, result in sequential removal of two carbon moi-
eties (Fig. 4). Although defects in the formation of CoA
esters, transport, or �-oxidation all result in impaired en-
ergy metabolism, there is a wide spectrum of clinical phe-
notypes. To date, at least 22 distinct disorders of fatty acid
oxidation or transport have been described. Clinical man-
ifestations may appear at any age between birth and adult-
hood; 69% of patients manifest symptoms before 1 year
of age (163). Clinical manifestations usually occur during
periods of catabolic stress or reduced caloric consumption
(164). Symptoms of an acute metabolic crisis vary in se-

verity and include nausea, vomiting, lethargy, confusion,
coma, seizures, or sudden death. Patients may have hy-
poglycemia (usually, but not always, hypoketotic), liver
disease ranging in severity from increased serum trans-
aminase levels to fulminant hepatic failure, skeletal my-
opathy, or cardiac dysfunction caused by cardiomyopathy
(Tables 6, 7).

Approximately one-third of patients with FAO dis-
orders present in the newborn period with lethargy, hy-
potonia, and neurological depression (163). Dysmorphic
features (including facial dysmorphisms, renal dysplasia
or cysts, and developmental brain malformations caused
by defects in neuronal migration) have been observed in
multiple acyl-CoA deficiency (MAD [glutaric acidemia
type II]) (165) and in CPT-II deficiency (166). Other dis-
orders that may present in the neonatal period, but are not
typically associated with dysmorphology, include translo-
case deficiency, trifunctional protein deficiency, CPT-I de-
ficiency, and very-long-chain acyl-CoA dehydrogenase
(VLCAD) deficiency. Cardiac manifestations, including
conduction disturbances and arrhythmias, are common in
all of the disorders that present in the newborn period.
Although hypoglycemia is a feature of these disorders,
severely ill infants usually die within a few days of birth
despite treatment of hypoglycemia (167, 168). About 5%
of cases of sudden infant death syndrome (SIDS) are be-
lieved to be caused by defects in carnitine transport and/
or FAO, including deficiencies of medium-chain acyl-CoA
dehydrogenase (MCAD), VLCAD, long-chain hydroxy-
acyl-CoA dehydrogenase (LCHAD), MAD, and carnitine
transport defects (169).

In infancy and childhood, hypoglycemia is the most
common presenting abnormality; more than 80% of pa-
tients have a low plasma glucose concentration at diag-
nosis (163). Hypoglycemia is classically associated with
hypoketosis; however, enough ketones may be formed in
patients with the short-chain fatty acid disorders that pa-
tients may appear to have abundant (appropriate) urinary
ketones 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 glycogen storage disease or Reye syndrome. The he-
patomegaly rapidly resolves with treatment. In addition to
hypoglycemia, most patients show evidence of hepatic
dysfunction during episodes of acute metabolic decom-
pensation (161, 164). A clinical picture similar to Reye’s
syndrome (hepatomegaly, neurological depression, hyper-
ammonemia) is present in about 30% of patients (163). A
moderate increase in serum transaminase concentrations
(100–800 U/L) is common, and patients with MAD and
translocase deficiency may present with frank hepatic fail-
ure. The mitochondria may be abnormal in shape and size
in both disorders. However, electron microscopy may re-
veal differences: dense condensation of mitochondria with
inclusion bodies in fatty acid oxidation defects compared
with mitochondrial swelling in Reye syndrome (170).
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Table 6 Disorders of Carnitine Metabolism

Enzyme deficiency CT CAT CPT-I CPT-II

Clinical
Fasting intolerance
Acute episodes
Coma/seizures
Muscle weakness/myopathy
Muscle pain/myoglobinuria
Cardiomyopathy/arrhythmia
Hepatopathy
Nephropathy
Congenital anomalies

�
�
�
�

�
�

�
�
�
�

�
�

�
�
�
�

�
�

�
�
�
�
�
�
�

�
Biochemical

Hypoglycemia
Ketones
Ammonia
AST, ALT
Plasma carnitine
Plasma acylcarnitines
Dicarboxylic aciduria
Other abnormal organic acids
Urine acylglycines

�
Low

�/�High
Abnormal
Very low
Normal

No
No

Normal

�
Low

�/�High
Abnormal

Low/normal
Abnormal

Yes
No

Normal

�
Low

�/�High
Abnormal

High/normal
Normal

No
No

Normal

�
Low

�/�High
Abnormal

Low/normal
Abnormal

No
No

Normal

CT, carnitine transporter; CAT, carnitine acylcarnitine translocase; CPT-I, carnitine palmitoyltransferase-I; CPT-II, carnitine palmitoyltransfer-
ase-II; �, not common but occasionally reported; �/�high, plasma ammonia level is not invariably high.
Source: From Refs. 161, 162, 164.

Table 7 Disorders of Fatty Acid Oxidation and Ketone Synthesis

Enzyme deficiency MAD VLCAD MCAD SCAD LCHAD SCHAD KAT HMGS HMGL

Clinical
Fasting intolerance
Acute episodes
Coma/seizures
Myopathy/weakness
Myoglobinuria/pain
Neuropathy
Retinopathy
Cardiomyopathy
Hepatopathy
Nephropathy
Congenital anomalies

�
�
�
�

�
�

�

�
�
�
�
�
�

�
�
�

�
�
�

�

�
�
�
�

�

�
�
�
�
�
�
�
�
�

�
�
�
�
�

�
�

�
�
�
�

�
�

�
�
�

�

�
�
�
�

�

Biochemical
Hypoglycemia
Ketones
Ammonia
AST, ALT
Plasma carnitine
Plasma acylcarnitines
Dicarboxylic aciduria
Other abnormal OA
Urine acylglycines

�
Low

�/�High
Abnl
Low
Abnl
Yes
Yes

Abnl

�
Low

�/�High
Abnl
Low
Abnl
Yes
Yes
N

�
Low

�/�High
Abnl
Low
Abnl
Yes
Yes

Abnl

�
High

�/�High
Abnl
Low
Abnl
Yes
Yes

Abnl

�
Low

�/�High
Abnl
Low
Abnl
Yes
Yes
N

�
High

Low
N

Yes
Yes
N

�
Low

Abnl
Low*
Abnl
Yes
Yes
N

�
Low

N
Abnl

N
N

Yes/no
Yes†

N

�
Low

�/�High
Abnl

N
N

No
Yes
N

Abnl, abnormal; N, normal; *, may be normal; †, only after MCT loading; 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.
Source: From Refs. 161, 162, 164, 167, 255, 256.
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Patients with defects in carnitine transport and me-
tabolism (other than CPT-I deficiency) or in the oxidation
of longer chain fatty acids (long-chain acyl-CoA dehydro-
genase [LCAD], VLCAD, LCHAD, MAD deficiency)
characteristically have hypertrophic or dilated cardiomy-
opathy (161, 164, 171). Patients often present with con-
gestive heart failure or cardiac arrest. Arrhythmias have
been reported without cardiomyopathy. Conduction dis-
turbances are thought to be due to accumulation of toxic
intermediates and can occur before the development of
severe hypoglycemia. Cardiac presentations have not been
described with CPT-I or MCAD deficiency.

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, 7). Symptoms may occur after prolonged exercise or
exposure to cold, during fasting or an intercurrent infec-
tion. Hypoglycemia and alterations in mental status are
unusual in the late onset disorders.

The characteristic biochemical features of disorders
of carnitine metabolism and FAO are summarized in Ta-
bles 6 and 7. Acute metabolic crises are frequently, but
not invariably, associated with hypoglycemia and meta-
bolic acidosis. Hypoglycemia results from a combination
of failure to decrease utilization of glucose (because of
the absence 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 (CK) increases during symptomatic episodes. The
cause of the increased serum uric acid level is unclear.

Urinalysis shows an inappropriately low level of ke-
tonuria relative to the duration of fasting and/or degree of
hypoglycemia. Ketones are rarely completely absent from
the urine. Note, however, that ketonuria is abundant in
patients with defects limited to the oxidation of short
chain fatty acids (short-chain acyl-CoA dehydrogenase
[SCAD] and short-chain hydroxyacyl-CoA dehydrogenase
[SCHAD] deficiency). In these disorders, most of the
long-chain fatty acid is oxidized to ketones without dif-
ficulty; only the metabolism of the short-chain remnants
is impaired.

Quantitative assays of plasma carnitine concentra-
tions measure total carnitine as well as free carnitine and
bound (or esterified) carnitine. Normally, the free fraction
makes up about 80% of total carnitine. Carnitine transport
defects are rare and are characterized by extremely low
total and free carnitine levels in blood and urine (generally
<10 �mol/l). Carnitine loading (for example, with 100
mg/kg) raises the blood level of carnitine, but produces
an inappropriate carnitinuria. Secondary carnitine defi-

ciency 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 physiological ketosis (when acetyl CoA binds
free carnitine to form acetylcarnitine), and with certain
medications (e.g., valproate binds carnitine forming val-
proylcarnitine). In disorders of FAO, carnitine binds with
intermediate compounds in the pathway (e.g., octanoyl-
carnitine), resulting in decreased total and free carnitine
and increased esterified fractions.

A. 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 sud-
den death. During an episode of hypoglycemia, screening
for a FAO defect should routinely include urinalysis for
measurement of ketones and an analysis of urinary or-
ganic acids. Urinary ketones are usually inappropriately
low for the degree of hypoglycemia; complete absence of
ketones is unusual. Hypoketosis (unless clearly explained
by hyperinsulinism) always warrants an investigation for
FAO defects. A moderate or large amount of urinary ke-
tones does not exclude the diagnosis of an FAO disorder.

Analysis of urine organic acids by gas chromatogra-
phy/mass spectrometry is the most useful method to
screen for FAO disorders. The urinary excretion of ke-
tones is reduced (except in SCAD and SCHAD deficien-
cies). In all defects characterized by impaired ß-oxidation
of fatty acids, intermediate compounds accumulate and
undergo 
-oxidation, resulting in the production of dicar-
boxylic acids (adipic, suberic, and sebacic acids, corre-
sponding to the saturated fatty acids hexanoate, octanoate,
and decanoate, respectively). The excretion of dicarbox-
ylic acids is not necessarily pathological since this may
occur to a limited degree during physiological ketosis.
Also, patients receiving medium-chain triglycerides
(MCT; e.g., in a formula), have dicarboxylic aciduria. De-
fects in carnitine transport and metabolism do not directly
disrupt ß-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 can help to identify the particular site of the met-
abolic block.

Glycine and carnitine are normal cellular constituents
that displace CoA from organic acyl and fatty acyl inter-
mediates, producing acylglycines and acylcarnitines, re-
spectively. The former is analyzed in urine, the latter in
plasma or in blood filter paper specimens (172). Certain
compounds have a higher affinity for glycine, others for
carnitine. The specific pattern of unusual compounds iden-
tified by these techniques, in concert with the urine or-
ganic acid findings, increases the likelihood of making a
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specific diagnosis. Quantitative free fatty acid profiles al-
low direct analysis of all fatty acid intermediates and ap-
pears to be the most sensitive test for diagnosing disorders
of FAO (162). Because deficiency of carnitine and dis-
orders of carnitine transport do not cause abnormal pat-
terns of fatty acyl-CoA intermediates, measurement of to-
tal, free, and esterified carnitine concentrations should be
included in the work-up of any patient with a suspected
FAO disorder.

The importance of obtaining diagnostic specimens
during the acute catabolic phase of illness (or as soon as
possible after the patient has been treated) cannot be over-
stated. Once treatment is begun with oral and/or intrave-
nous glucose, fatty acid flux through the defective path-
way decreases so that the characteristic biochemical
abnormalities necessary for establishing a diagnosis may
no longer be evident. As a consequence, specimens ob-
tained once treatment is well underway may be normal,
necessitating a more invasive and potentially dangerous
approach to investigating these patients.

Several American states and European regions are us-
ing tandem mass spectrometry to screen for FAO disor-
ders and CPT-II deficiency on filter paper blood speci-
mens obtained during the newborn period (173, 174).

There are several options for investigating the asymp-
tomatic patient who has a history suggestive of a defect
in carnitine metabolism or FAO. Plasma acylcarnitine and
urinary acylgycine should be obtained in the morning after
a routine overnight fast of 8–10 h 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 fever or intercurrent
illness). The patient can be admitted to the hospital to
monitor the response to fasting (29, 175). However, be-
cause 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 undiagnosed
hypoglycemia in whom all noninvasive methods have
failed to yield a diagnosis. A supervised oral fat load is a
practical in vivo test to identify defects affecting longer-
chain fatty acid metabolism (176). In all cases of potential
carnitine transport defects and FAO defects, especially in
very young patients or when it is inappropriate for a pa-
tient to fast or undergo a provocative study, skin fibro-
blasts may be obtained for FAO studies and for direct
enzyme analysis. In addition, mutational analysis can be
performed for diseases with common mutations (e.g.,
MCAD and LCHAD deficiency).

B. Treatment

The specific treatment of diseases of carnitine metabolism
and defects of FAO depends upon the individual defect.
The primary recommendation for all disorders of FAO is
to avoid prolonged fasting and ensure a regular feeding
regimen when patients are at risk for acute decompensa-
tion. Provision of a continuous exogenous source of car-

bohydrate 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 4 h 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% dex-
trose solution must be given intravenously at a rate ap-
proximately 1.5 times the hepatic glucose production rate
to inhibit glucose counterregulation.

Dietary therapy for defects of FAO is controversial.
For the young child (above 1 year of age) who is other-
wise well, raw cornstarch at night decreases the need for
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 fat oxidation, supplemental dietary medium-chain
triglycerides allows ketone synthesis to occur. The avail-
ability of fat as a substrate for energy may be of thera-
peutic 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. It is postulated that carnitine displaces co-
enzyme A bound to toxic intermediates. The liberated
CoA is free to participate in other metabolic reactions,
allowing excretion of the acylcarnitines.

Patients with later-onset MAD deficiency (i.e., glu-
taric acidemia type II) may respond to high-dosage (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 regarding the
autosomal recessive pattern of inheritance of these dis-
eases. Prenatal diagnosis may be available depending on
the specific disorder.

XIV. 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’s 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 his-
tory 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 newborn
period usually present within the first 6–12 months of life.
Mild forms of congenital hyperinsulinism may present for
the first time in childhood or adolescence. When hyper-
insulinemic hypoglycemia presents after infancy, one
should suspect an islet cell adenoma (often part of mul-
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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

<4 h suggests a defect in glycogenolysis or
hyperinsulinism

10–12 h suggests a defect in gluconeogenesis or fatty
acid ß-oxidation

Specific content of feedings and relationship to onset of
symptoms

Food intolerance or aversion
Unexplained infant deaths or SIDS in family; Reye’s

syndrome, cardiomyopathy, myopathy
Potential drug exposure (oral hypoglycemic agents, insulin)
Hypoglycemia after an adult party: alcohol ingestion
Recurrent ‘‘pneumonia’’: episodes of hyperventilation from

metabolic acidosis
Unusual odors, especially when sick

tiple endocrine neoplasia type 1 syndrome). Growth hor-
mone and/or cortisol deficiency usually presents in the
newborn period or in early childhood. Accelerated star-
vation usually presents at 18 months to 5 years old. He-
patomegaly, 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 in-
terrupts the child’s normal feeding pattern and causes cat-
abolic stress.

Glucose meters are widely used in newborn nurseries
and in emergency departments to screen for hypoglyce-
mia. 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 labora-
tory measurement of the plasma glucose concentration
(177). In addition, a simultaneous so-called critical blood
sample should be obtained for the measurement of hor-
mones, metabolic substrates, and serum chemistries (see
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 glu-
cose 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 lab-
oratory investigations have been completed.

The initial laboratory evaluation should include mea-
surement of serum insulin to determine whether the hy-
poglycemia is associated with a normal (suppressed) or
an inappropriately increased serum insulin concentration,
and measurement of urinary ketones to determine if the
hypoglycemia is associated with ketosis. Absence of uri-
nary ketones or their presence in only trace or small
amounts (i.e., nonketotic or hypoketotic hypoglycemia),
is characteristic of hyperinsulinism and disorders of car-
nitine metabolism and FAO and/or ketogenesis. The se-
rum C-peptide concentration is low or undetectable when
hyperinsulinism is caused by exogenous insulin adminis-
tration. If the serum insulin concentration is appropriately
suppressed (<2 �U/ml with a highly sensitive insulin as-
say), the diagnosis is likely to be a disorder of FAO. En-
cephalopathy is common at the time of acute metabolic
decompensation; the liver may be moderately enlarged
from acute fatty infiltration (microvesicular steatosis), and
liver enzymes (AST, ALT) and plasma ammonia levels are
increased during acute episodes of catabolic stress (164).
If a disorder of FAO is suspected, plasma total and ester-
ified carnitine, plasma (or filter paper) acylcarnitines
(172), and plasma free fatty acids should be measured,
and urine analyzed for organic acids and acylglycines
(178).

Ketosis with hypoglycemia is a normal physiological
response to a falling blood glucose concentration. The dif-
ferential diagnosis of the hypoglycemic child with an ap-
propriately suppressed serum insulin concentration and
ketosis (Table 5) can be further delineated depending on
whether or not the liver is large (Fig. 5). Elevated levels
of GH and cortisol exclude deficiency of these counter-
regulatory hormones and obviate the need for further test-
ing. On the other hand, random values that appear to be
inappropriately low during a spontaneous episode of hy-
poglycemia do not constitute definitive evidence of defi-
cient secretion. Specific testing must be performed.

A large liver suggests a glycogen storage disease or
disorder of gluconeogenesis (e.g., fructose 1,6-bisphos-
phatase 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. Tran-
sient enlargement of the liver during an acute metabolic
crisis can occur in organic acidemia, FAO defects, and in
disorders of carnitine metabolism, and results from acute
fatty deposition in the cytosol associated with impaired
mitochondrial function.

A specific diagnosis of the cause of the hypoglycemia
usually is evident from the analysis of the results of the
so-called critical blood sample obtained at the time of hy-
poglycemia (Table 10) and application of the diagnostic
algorithm shown in Figure 5. However, if the laboratory
data required to make a diagnosis are not available, it may
be necessary to perform a comprehensive evaluation of
intermediary metabolism by reproducing the conditions



598 Wolfsdorf and Weinstein

Table 9 Findings on Physical Examination

Examination Possible causes

Short stature; growth failure GH deficiency, hypopituitarism
Microphallus GH deficiency, hypopituitarism
Midline facial defects

Cleft lip and palate
Single central incisor
Optic nerve hypoplasia

GH deficiency, hypopituitarism

Abnormal skin pigmentation Addison’s disease
Large liver Glycogen storage disease

Disorder of gluconeogenesis
Galactosemia
Disorder of fatty acid ß-oxidation
Disorder of carnitine metabolism
Tyrosinemia type I

Macrosomia
Large tongue
Omphalocele/umbilical hernia
Visceromegaly
Horizontal grooves on ear lobes

Beckwith-Wiedemann syndrome

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
Gallop or murmur
Cardiomyopathy

Disorder of fatty acid �-oxidation
Disorder of carnitine transport or metabolism

that caused the hypoglycemia. This involves measurement
of hormones and metabolic substrates that reflect carbo-
hydrate, fat, and amino acid metabolism during a moni-
tored fast of specified duration depending on the age of
the child (175). Fasting may be hazardous and can even
be lethal in patients with a disorder of FAO. Before sub-
jecting any child to a monitored fast, one should first
attempt to rule out a disorder of FAO by measuring non-
fasting plasma acylcarnitines (by tandem mass spectrom-
etry if available) (172) and urinary acylglycines (178).

XV. TREATMENT

Immediately after the critical blood sample has been ob-
tained, 0.3 g/kg glucose is injected intravenously over 10
min to restore the plasma glucose concentration to normal.
A continuous infusion of 10% dextrose solution at a rate
of �6–8 mg/kg/min is given to maintain normoglycemia.
This rate of glucose infusion is usually sufficient to re-
verse catabolism. The plasma glucose concentration is
monitored and the infusion rate adjusted to maintain a
level of �80 mg/dl (4.5 mmol/l). Valuable diagnostic in-
formation can be obtained from the response to treatment.
Infants and children with hyperinsulinism characteristi-

cally require considerably higher rates (14.5 � 1.7 mg/
kg/min) of glucose infusion to prevent hypoglycemia
(179). In disorders of FAO, administration of glucose at
�1.5 � basal glucose production (10 mg/kg/min) stimu-
lates insulin secretion, inhibits lipolysis, and reverses the
acute metabolic disorder and leads to a decrease in liver
size to normal over several days.

XVI. HYPOGLYCEMIA AND
DIABETES MELLITUS

Hypoglycemia is the most frequent acute complication of
the treatment of diabetes mellitus in children and adoles-
cents and is the principal factor that limits attempts to
intensify treatment aimed at achieving near-normal gly-
cemic control (180, 181). Patients with type 1 diabetes
mellitus are susceptible to hypoglycemia for many rea-
sons, including the nonphysiological nature of insulin re-
placement therapy, inconsistencies in food intake and ex-
ercise, and defective counterregulatory hormone responses
to hypoglycemia (Table 11). Because the glucagon re-
sponse to hypoglycemia is lost early in the course of the
disease (182, 183), patients with diabetes mellitus are de-
pendent on sympathoadrenal responses (8) to prevent or
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Table 10 Laboratory Investigation of Unexplained Hypoglycemia

Blood

Metabolites Insulin secretion Counterregulation Fatty acid oxidation Urine

Glucose
Lactate/pyruvate
Amino acids (alanine)
Uric acid
Serum electrolytes (anion gap)
pH, bicarbonate
AST, ALT, CK

Insulin
C-peptide
Proinsulin

Growth hormone
Cortisol
Glucagon
Epinephrine

Free fatty acids
Fatty acid profile
�-hydroxybutyrate
Acetoacetate
Carnitine
Acylcarnitines

Ketones
Reducing sugars
Organic acids
Acylglycines

correct hypoglycemia. Mild hypoglycemia itself reduces
epinephrine responses and symptomatic awareness of sub-
sequent episodes of hypoglycemia (43, 184, 185).

A. Causes of Hypoglycemia in
Diabetes Mellitus

Patient errors relating to insulin dosage, decreased food
intake, or unplanned exercise account for 50–85% of ep-
isodes of hypoglycemia in children and adolescents (186–
191). After years of living with diabetes, some patients
and/or their parents conduct their routine diabetes self-
care practices without thinking about the intricate inter-
play among insulin, food, and exercise (192).

B. Symptoms and Signs

Symptoms of hypoglycemia are caused by neuronal dep-
rivation of glucose and are autonomic (adrenergic), neu-
roglycopenic, or a combination of the two. The most com-
mon signs and symptoms of hypoglycemia in diabetic
children are pallor, weakness, tremor, hunger, fatigue,
drowsiness, sweating, and headache (186, 193). In con-
trast to adolescents, autonomic symptoms are less com-
mon in children younger than 6 years old whose symp-
toms are more often neuroglycopenic or nonspecific in
nature (193). Symptoms of hypoglycemia experienced by
adults with diabetes have been categorized into sub-
groups: autonomic (sweating, palpitations, shaking, hun-
ger), neuroglycopenic (confusion, drowsiness, odd behav-
ior, speech difficulty, incoordination), and nonspecific
malaise (hunger and headache) (194).

Manifestations of hypoglycemia in young children
with diabetes mellitus tend to differ from those of insulin-
treated adults. In young children, behavioral changes are
often the primary manifestation of hypoglycemia. This
difference has important implications for parent education
on hypoglycemia. Also, autonomic and neuroglycopenic
symptoms reported by children and their parents tend to
cluster. This contrasts with adult patients who are usually
able to differentiate between these two types of symptoms.
In children, the coalescence of autonomic and neurogly-

copenic symptoms may indicate that both types of symp-
tom are generated at similar glycemic thresholds. Both
parents and children report a coherent cluster of symptoms
related to behavioral change during hypoglycemia. Be-
havioral changes, therefore, are important premonitory
signs of hypoglycemia in young children (195).

Hypoglycemia is classified in terms of its severity as
mild, moderate, or severe; most episodes are mild (193).
Parents are most often alerted to the presence of hypogly-
cemia in a very young child by noting pallor, drowsiness,
or unexplained irritability. Cognitive deficits usually do
not accompany mild reactions, and older children are able
to treat themselves. Mild symptoms abate within 10–15
min after an appropriate dose of rapidly absorbed carbo-
hydrate. Moderate hypoglycemia has neuroglycopenic as
well as adrenergic symptoms: headache, mood changes,
irritability, decreased attentiveness, and drowsiness.
Young patients typically require assistance with treatment
because they are often confused and have impaired judge-
ment; weakness and poor coordination may make it dif-
ficult to treat oneself. Moderate reactions produce longer-
lasting symptoms and may require a second dose of
rapidly absorbed carbohydrate. Severe hypoglycemia is
characterized by unresponsiveness, unconsciousness, or
convulsions and requires emergency treatment with par-
enteral glucagon administered or intravenous glucose
given by an emergency medical technician in the field or
in a hospital emergency department. The definition of se-
vere hypoglycemia in the Diabetes Control and Compli-
cations Trial (DCCT) was symptoms consistent with hy-
poglycemia requiring the assistance of another person for
treatment, associated with a blood glucose concentration
less than 50 mg/dl or prompt recovery after oral carbo-
hydrate, SC glucagon, or IV glucose (181).

Patients with longer duration of diabetes describe a
change in their symptomatology over time, characterized
by reduced occurrence of autonomic symptoms and in-
creased frequency of neuroglycopenic symptoms (drows-
iness, difficulty concentrating, lack of coordination). Pa-
tients must learn to recognize the change in symptoms to
prevent severe episodes (196). Furthermore, the blood
glucose concentration at which symptoms occur varies
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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-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 physical activity
Prolonged duration and/or increased intensity of

physical activity
Failure to reduce the dose of intermediate-acting insulin

to combat the so-called 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
Unawareness of hypoglycemia
Defective glucose counterregulation

Miscellaneous uncommon causes of hypoglycemia
Adrenocortical insufficiency
Hypothyroidism
Growth hormone deficiency
Renal failure
Decreased insulin requirement in first trimester of

pregnancy
Insulin antibodies

among patients. This threshold may also vary in the same
individual in parallel with antecedent glycemic control.
For example, children with long-standing hyperglycemia
as a result of poor diabetes control experience symptoms
of hypoglycemia at higher blood glucose concentrations
than children with good glycemic control, similar to adults
with diabetes (197).

C. Impact of Hypoglycemia

Occasional, mild symptomatic hypoglycemia may be the
price to pay for near-normal glycemic control (198–202).

However, it is important to appreciate that cognitive func-
tion deteriorates at low blood glucose levels even in the
absence of typical symptoms (203, 204). Moderate and
severe hypoglycemia is disabling, affects school perfor-
mance, and makes driving a car or operating dangerous
machinery extremely hazardous (203, 205–207). The ut-
most effort should be made to avoid such events. Re-
peated or prolonged severe hypoglycemia can cause per-
manent central nervous system damage (208), especially
in very young children (209). Fortunately, hypoglycemia
is an unusual cause of death in children with type 1 dia-
betes (210). Although diabetes is not typically associated
with reduced intelligence in children, subtle neurocogni-
tive impairments may result if onset occurs before 5 years
(211) or the child has seizures from hypoglycemia (212,
213). The neurocognitive sequelae of intensive diabetes
management in children whose brains are still developing
are still largely unknown. Preliminary findings suggest
poorer memory skills, presumably the consequence of re-
current and severe hypoglycemia (214).

The confidence of the patient and members of the
patient’s family is often shaken after an episode of severe
hypoglycemia. The fear of hypoglycemia may cause the
patient or family to change its diabetes management strat-
egies in an effort to avoid subsequent episodes of hypo-
glycemia. The fear of hypoglycemia, therefore, can be-
come a barrier to attaining and maintaining optimal
glycemic control. Examples of altered patient behaviors
that result in worsening metabolic control include chronic
overeating or selection of inadequate dosages of insulin
to maintain higher blood glucose levels perceived as being
safe (215–217). Concern about nocturnal hypoglycemia
causes more anxiety for some parents than any other as-
pect of diabetes, including the fear of long-term compli-
cations. Parents may fear that an episode of severe hy-
poglycemia during the night may not be treated in a timely
fashion or that an episode could go entirely undetected
and lead to permanent brain damage or death (218).

D. Frequency of Hypoglycemia

The true frequency of mild (self-treated) symptomatic hy-
poglycemia is almost impossible to ascertain because mild
episodes are quickly forgotten and/or are not recorded. In
a random sample of 47 children attending a diabetes
clinic, the average incidence of symptomatic hypoglyce-
mia was once every 33 days (range, 0–5.2 times per
month), and occurred more frequently in children with the
lowest glycosylated hemoglobin levels (199). 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% (186). More recently, Tupola et al. (193)
prospectively examined the frequency of hypoglycemia
(blood glucose <3 mmol/l [54 mg/dl]) in 161 children and
adolescents predominantly treated with multiple doses of
insulin, who were asked to document hypoglycemia epi-
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sodes in a 3 month diary. Fifty-two percent of the clinic
population experienced episodes of hypoglycemia (0.6 hy-
poglycemia events per patient per month), most of which
(77%) were mild.

The literature is replete with reports of the frequency
of severe hypoglycemia in children and adolescents with
diabetes (187–191, 198, 200, 201, 219–228). However,
various methods of collecting data and different defini-
tions of hypoglycemia and methods of insulin replacement
make comparisons among the reports difficult (229). For
example, in some studies, severe hypoglycemia is defined
as loss of consciousness, whereas others include children
who required assistance with treatment. In young children,
all episodes 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 hypoglycemia in the pe-
diatric diabetes population varies widely. The incidence of
severe hypoglycemia can be assessed with some reliability
by defining severe hypoglycemia as requiring the assis-
tance of another person, irrespective of whether it induces
loss of consciousness or convulsions. The incidence of
severe hypoglycemia varies from 3.1 (227) to 134 epi-
sodes per 100 patient-years (202); most studies document
a range of 10–40 episodes per 100 patient-years (229,
230). The adolescent cohort of the 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 (201). It is also likely that severe hy-
poglycemia in pediatric studies has been underreported.
This is suggested by the fact that the rate of severe hy-
poglycemia in conventionally treated adolescents in the
year before the DCCT started was 15.7 per 100 patient-
years, but increased to 27.8 per 100 patient-years 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) (181, 201).

Many, but not all, studies have found an increased
frequency of severe hypoglycemia in younger children
(191, 200, 222, 223, 225, 228) and in association with
lower hemoglobin A1c concentrations (188, 189, 198,
200, 201, 222, 223, 225, 227). Other factors associated
with a higher risk of moderate and severe hypoglycemia
are a prior history of severe hypoglycemia (181, 189, 221,
225), relatively higher doses of insulin and low C-peptide
secretion (181, 221, 225, 227), longer duration of diabetes
(190, 223, 226), and male gender (181, 220).

E. Nocturnal Hypoglycemia

Hypoglycemia, often asymptomatic, frequently occurs
during sleep. Moderate and severe (with coma and sei-
zures) hypoglycemia are more common during the night
and early morning (before breakfast) than during the day-
time (223, 231). In the DCCT, 55% of severe hypogly-
cemia events occurred during sleep and 43% occurred be-
tween midnight and 8 a.m. (181, 231).

Studies of diabetic children and adolescents, in hos-
pital or at home, in which blood glucose concentrations
were measured frequently during the night, show a high
incidence (14–47%) of asymptomatic hypoglycemia.
Such episodes during sleep often exceed 4 h in duration
(232–238). Up to half these episodes may be undetected
because the subject does not wake from sleep. The inci-
dence of hypoglycemia on any given night may be af-
fected by numerous factors, including the insulin regimen,
the timing and content of meals and snacks, and antece-
dent physical activity. The highest frequency of asymp-
tomatic nocturnal hypoglycemia occurs in children less
than 10 years old (234, 236–238). Low blood glucose
concentrations in the early morning (before breakfast) are
associated with a higher frequency of preceding nocturnal
hypoglycemia. Knowledge of this fact is useful in coun-
seling patients to modify the evening insulin regimen and
bedtime snack to prevent more severe nocturnal hypogly-
cemia.

Sleep impairs counterregulatory hormone responses
to hypoglycemia in normal subjects and in patients with
diabetes mellitus (239). Because a rise in plasma epi-
nephrine levels is normally the main hormonal defense
against hypoglycemia, impaired counterregulatory hor-
mone responses to hypoglycemia explain the increased
susceptibility to hypoglycemia during sleep. This phe-
nomenon explains the high frequency of nocturnal hypo-
glycemia. Asymptomatic nocturnal hypoglycemia may it-
self result in further deficits in counterregulatory hormone
responses (240). Thus, impaired defenses against hypo-
glycemia during sleep may contribute to the vicious cycle
of hypoglycemia, impaired counterregulatory responses,
and unawareness of hypoglycemia either awake or asleep.
Recurrent asymptomatic nocturnal hypoglycemia is an im-
portant cause of hypoglycemia unawareness, which, in
turn, leads to more frequent and severe hypoglycemia be-
cause of failure to experience autonomic warning symp-
toms before the onset of neuroglycopenia (180).

F. Treatment

Most episodes of symptomatic hypoglycemia are self-
treated (except in pre-school-age children) with rapidly
absorbed carbohydrate such as glucose tablets, juices, soft
drinks, candy, crackers, milk. Glucose tablets raise blood
glucose levels more rapidly than do orange juice or milk,
and the dosage is easily calibrated (241). Glucose tablets
are the treatment of choice for children old enough to
chew and swallow large tablets safely. The recommended
dosage is 0.3 g glucose/kg body weight. The glycemic
response to oral glucose usually lasts less than 2 h (242).
Therefore, unless a scheduled meal or snack is due within
an hour of the event, following treatment with oral glu-
cose the patient should be given either a mixed snack
containing both carbohydrate and protein or a meal.

Severe reactions (unresponsiveness, unconsciousness,
or convulsions) require emergency treatment with paren-
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teral glucagon (IM or SC). Buccal and rectal administra-
tion of glucose is ineffective (243). Parenteral glucagon
is as effective in treating severe hypoglycemia in children
(244) as it is in adults (242, 245). Glucagon raises blood
glucose levels within 5–15 min and usually relieves
symptoms of hypoglycemia (242, 245). Symptoms of ex-
perimentally induced hypoglycemia in diabetic children
are relieved within 10 min of giving glucagon by either
SC or IM injection. Mean blood glucose and plasma glu-
cagon levels are slightly but not significantly higher after
IM than SC injection (244). Both 10 �g/kg and 20 �g/kg
of glucagon relieve clinical signs and symptoms, but the
increment in blood glucose concentration after 10 min is
less after the 10 �g/kg dose (1.1 � 0.3 vs. 1.7 � 0.7
mmol/l). However, after 20 and 30 min the differences in
blood glucose concentrations are not significant. Nausea
and/or vomiting can be expected to occur after the injec-
tion in a minority of children who receive a dose of 20
�g/kg, but usually do not occur after receiving 10 �g/kg.
Excessively high plasma glucagon levels are more likely
to cause nausea and/or vomiting. The recommended dose,
therefore, is 15 �g/kg to a maximum of 1.0 mg. In dia-
betic children (244) and in healthy adults (245) there ap-
pears to be no important difference between the effects of
glucagon injected SC or IM. The plasma glucagon levels
attained are higher than those in peripheral venous or por-
tal blood of healthy adults during insulin-induced hypo-
glycemia, and are probably higher than is necessary for
maximal effect. The increase in blood glucose concentra-
tion after glucagon administration is sustained for at least
30 min; it is therefore not necessary to repeat the dose or
force the child to eat or drink for at least 30 min. Intra-
nasal glucagon has a similar effect, but is not available in
the United States (246). In an emergency department or
hospital, the preferred treatment is intravenous glucose
(0.3 g/kg). Because the glycemic response is transient af-
ter bolus administration of glucose, the patient should
continue to receive intravenous glucose infusion until she
or he is able to swallow safely.

If severe hypoglycemia was prolonged and the patient
had a seizure, complete recovery of normal mental and
neurological function may take many hours despite res-
toration of a normal blood glucose level (247). Permanent
hemiparesis, or other neurological sequelae, is rare (248,
249). The postictal period may be complicated by head-
ache, lethargy, nausea, vomiting, and aching muscles.

REFERENCES

1. Sokoloff L. Circulation and energy metabolism of the
brain. In: Siegel G, Agranoff B, Albers R, Molinoff P,
eds. Basic Neurochemistry. New York: Raven Press,
1989:565–590.

2. Bier DM, Leake RD, Haymond MW, Arnold KJ, Gruenke
LD, Sperling MA, Kipnis DM. Measurement of ‘‘true’’
glucose production rates in infancy and childhood with
6,6-dideuteroglucose. Diabetes 1977; 26: 1016–1023.

3. Chaussain JL. Glycemic response to 24 hour fast in nor-
mal children and children with ketotic hypoglycemia. J
Pediatr 1973; 82: 438–443.

4. Schwartz NS, Clutter WE, Shah SD, Cryer PE. Glycemic
thresholds for activation of glucose counterregulatory sys-
tems are higher than the threshold for symptoms. J Clin
Invest 1987; 79: 777–781.

5. Mitrakou A, Ryan C, Veneman T, Mokan M, Jenssen T,
Kiss I, Durrant J, Cryer P, Gerich J. Hierarchy of gly-
cemic thresholds for counterregulatory hormone secre-
tion, symptoms, and cerebral dysfunction. Am J Physiol
1991; 260: E67–E74.

6. Liu D, Moberg E, Kollind M, Lins PE, Adamson U, Mac-
donald IA. Arterial, arterialized venous, venous and cap-
illary blood glucose measurements in normal man during
hyperinsulinaemic euglycaemia and hypoglycaemia. Dia-
betologia 1992; 35: 287–290.

7. Koh TH, Aynsley-Green A, Tarbit M, Eyre JA. Neural
dysfunction during hypoglycaemia. Arch Dis Child 1988;
63: 1353–1358.

8. Cryer PE. Hypoglycemia: Pathophysiology, Diagnosis,
and Treatment. New York: Oxford University Press, 1997.

9. Shepherd PR, Kahn BB. Glucose transporters and insulin
action—implications for insulin resistance and diabetes
mellitus. N Engl J Med 1999; 341: 248–257.

10. Vannucci SJ, Maher F, Simpson IA. Glucose transporter
proteins in brain: delivery of glucose to neurons and glia.
Glia 1997; 21: 2–21.

11. Simpson IA, Appel NM, Hokari M, Oki J, Holman GD,
Maher F, Koehler-Stec EM, Vannucci SJ, Smith QR.
Blood–brain barrier glucose transporter: effects of hypo-
and hyperglycemia revisited. J Neurochem 1999; 72:
238–247.

12. Kumagai AK, Kang YS, Boado RJ, Pardridge WM. Up-
regulation of blood–brain barrier GLUT1 glucose trans-
porter protein and mRNA in experimental chronic hypo-
glycemia. Diabetes 1995; 44: 1399–1404.

13. Uehara Y, Nipper V, McCall AL. Chronic insulin hypo-
glycemia induces GLUT-3 protein in rat brain neurons.
Am J Physiol 1997; 272: E716–E719.

14. Randle PJ. Regulatory interactions between lipids and
carbohydrates: the glucose fatty acid cycle after 35 years.
Diabetes Metab Rev 1998; 14: 263–283.

15. Settergren G, Lindblad BS, Persson B. Cerebral blood
flow and exchange of oxygen, glucose, ketone bodies,
lactate, pyruvate, and amino acids in infants. Acta Pae-
diatr Scand 1976; 65: 343–353.

16. Hasselbalch SG, Knudsen GM, Jakobsen J, Hageman LP,
Holm S, Paulson OB. Blood–brain barrier permeability
of glucose and ketone bodies during short-term starvation
in humans. Am J Physiol 1995; 268: E1161–E1166.

17. Owen OE, Morgan AP, Kemp HG, Sullivan JM, Herrera
MG, Cahill GF Jr. Brain metabolism during fasting. J
Clin Invest 1967; 46: 1589–1595.

18. Amiel SA, Archibald HR, Chusney G, Williams AJK,
Gale EAM. Ketone infusion lowers hormonal responses
to hypoglycaemia: evidence for acute cerebral utilisation
of a non-glucose fuel. Clin Sci 1991; 81: 189–194.

19. Haymond MW Sunehag A. Controlling the sugar bowl:
regulation of glucose homeostasis in children. Endocrinol
Metab Clin North Am 1999; 28: 663–694.

20. Jackson RA, Roshania RD, Hawa MI, Sim BM, DiSilvio
L. Impact of glucose ingestion on hepatic and peripheral
glucose metabolism in man: an analysis based on simul-
taneous use of the forearm and double isotope techniques.
J Clin Endocrinol Metab 1986; 63: 541–549.



604 Wolfsdorf and Weinstein

21. Tse TF, Clutter WE, Shah SD, Cryer PE. Mechanisms of
postprandial glucose counterregulation in man. Physio-
logic roles of glucagon and epinephrine vis-a-vis insulin
in the prevention of hypoglycemia late after glucose in-
gestion. J Clin Invest 1983; 72: 278–286.

22. Wolfsdorf JI, Sadeghi-Nejad A, Senior B. Hypoalanine-
mia and ketotic hypoglycemia: cause or consequence?
Eur J Paediatr 1982; 138: 28–31.

23. Perriello G, Jorde R, Nurjhan N, Stumvoll M, Dailey G,
Jenssen T, Bier DM, Gerich JE. Estimation of glucose-
alanine-lactate-glutamine cycles in postabsorptive hu-
mans: role of skeletal muscle. Am J Physiol 1995; 269:
E443–E450.

24. Landau BR, Wahren J, Chandramouli V, Schumann WC,
Ekberg K, Kalhan SC. Contributions of gluconeogenesis
to glucose production in the fasted state. J Clin Invest
1996; 98: 378–385.

25. Hellerstein MK, Neese RA, Linfoot P, Christiansen M,
Turner S, Letscher A. Hepatic gluconeogenic fluxes and
glycogen turnover during fasting in humans. A stable iso-
tope study. J Clin Invest 1997; 100: 1305–1319.

26. Katz J, Tayek JA. Gluconeogenesis and the Cori cycle in
12-, 20-, and 40-h-fasted humans. Am J Physiol 1998;
275: E537–E542.

27. Sunehag AL, Treuth MS, Toffolo G, Butte NF, Cobelli C,
Bier DM, Haymond MW. Glucose production, gluconeo-
genesis, and insulin sensitivity in children and adoles-
cents: an evaluation of their reproducibility. Pediatr Res
2001; 50: 115–123.

28. Wolfsdorf JI, Sadeghi-Nejad A, Senior B. Fat derived fu-
els during a 24 hour fast in children. Eur J Pediatr 1982;
138: 141–144.

29. Bonnefont JP, Specola NB, Vassault A, Lombes A, Ogier
H, de Klerk JBC, Munnich A, Coude M, Paturneau-Jouas
M, Saudubray J-M. The fasting test in paediatrics: appli-
cation to the diagnosis of pathologogical hypo- and hy-
perketotic states. Eur J Paediatr 1990; 150: 80–85.

30. Bougneres PF, Ferre P. Study of ketone body kinetics in
children by a combined perfusion of 13C and 2H3 tracers.
Am J Physiol 1987; 253: E496–E502.

31. Haymond MW, Karl IE, Clarke WL, Pagliara AS, Santi-
ago JV. Differences in circulating gluconeogenic sub-
strates during short-term fasting in men, women, and chil-
dren. Metabolism 1982; 31: 33–41.

32. Persson B, Settergren G, Dahlquist G. Cerebral arterio-
venous difference of acetoacetate and D-�-hydroxybuty-
rate in children. Acta Paediatr Scand 1972; 61: 273–278.

33. Haymond MW, Campbell C, Ben-Galim E, DeVivo DC.
Effects of ketosis on glucose flux in children and adults.
Am J Physiol 1983; 245: E373–E378.

34. Matschinksy FM. Banting Lecture 1995. A lesson in met-
abolic regulation inspired by the glucokinase glucose sen-
sor paradigm. Diabetes 1996; 45: 223–241.

35. Aguilar-Bryan L, Bryan J. Molecular biology of adeno-
sine triphosphate-sensitive potassium channels. Endocr
Rev 1999; 20: 101–135.

36. Shepherd RM, Cosgrove KE, O’Brien RE, Barnes PD,
Ammala C, Dunne MJ. Hyperinsulinism of infancy: to-
wards an understanding of unregulated insulin release.
European Network for Research into Hyperinsulinism in
Infancy. Arch Dis Child Fetal Neonatal Ed 2000; 82:
F87–F97.

37. Glaser B, Thornton P, Otonkoski T, Junien C. Genetics
of neonatal hyperinsulinism. Arch Dis Child Fetal Neo-
natal Ed 2000; 82: F79–F86.

38. Glaser B, Kesavan P, Heyman M, Davis E, Cuesta A,
Buchs A, Stanley CA, Thornton PS, Permutt MA, Mat-
schinsky FM, Herold KC. Familial hyperinsulinism
caused by an activating glucokinase mutation. N Engl J
Med 1998; 338: 226–230.

39. Froguel P, Zouali H, Vionnet N, Velho G, Vaxillaire M,
Sun F, Lesage S, Stoffel M, Takeda J, Passa P, et al.
Familial hyperglycemia due to mutations in glucokinase.
Definition of a subtype of diabetes mellitus. N Engl J
Med 1993; 328: 697–702.

40. Stanley CA, Lieu YK, Hsu BY, Burlina AB, Greenberg
CR, Hopwood NJ, Perlman K, Rich BH, Zammarchi E,
Poncz M. Hyperinsulinism and hyperammonemia in in-
fants with regulatory mutations of the glutamate dehy-
drogenase gene. N Engl J Med 1998; 338: 1352–1357.

41. Haymond MW, Karl IE, Pagliara AS. Ketotic hypogly-
cemia: an amino acid substrate limited disorder. J Clin
Endocrinol Metab 1974; 38: 521–530.

42. Hansen IL, Levy MM, Kerr DS. Differential diagnosis of
hypoglycemia in children by responses to fasting and 2-
deoxyglucose. Metabolism 1983; 32: 960–970.

43. Heller SR, Cryer PE. Reduced neuroendocrine and symp-
tomatic responses to subsequent hypoglycemia after 1 ep-
isode of hypoglycemia in nondiabetic humans. Diabetes
1991; 40: 223–226.

44. Widom B Simonson DC. Intermittent hypoglycemia im-
pairs glucose counterregulation. Diabetes 1992; 41:
1597–1602.

45. Davis SN, Shavers C, Mosqueda-Garcia R, Costa F. Ef-
fects of differing antecedent hypoglycemia on subsequent
counterregulation in normal humans. Diabetes 1997; 46:
1328–1335.

46. Senior B. Ketotic hypoglycemia. J Pediatr 1973; 82: 555–
556.

47. Dahlquist G, Gentz J, Hagenfeldt L, Larsson A, Low H,
Persson B, Zetterstrom R. Ketotic hypoglycemia of child-
hood—a clinical trial of several unifying etiological hy-
potheses. Acta Paediatr Scand 1979; 68: 649–656.

48. Pagliara AS, Karl IE, De Vivo DC, Feigin RD, Kipnis
DM. Hypoalaninemia: a concomitant of ketotic hypogly-
cemia. J Clin Invest 1972; 51: 1440–1449.

49. Byrne HA, Tieszen KL, Hollis S, Dornan TL, New JP.
Evaluation of an electrochemical sensor for measuring
blood ketones. Diabetes Care 2000; 23: 500–503.

50. Marks V, Teale JD. Hypoglycemia: factitious and feloni-
ous. Endocrinol Metab Clin North Am 1999; 28: 579–
601.

51. Thomas PM. Genetic mutations as a cause of hyperin-
sulinemic hypoglycemia in children. Endocrinol Metab
Clin North Am 1999; 28: 647–656.

52. Thornton PS, Sumner AE, Ruchelli ED, Spielman RS,
Baker L, Stanley CA. Familial and sporadic hyperin-
sulinism: histopathology and segregation analysis support
a single autosomal recessive disorder. J Pediatr 1991; 119:
721–724.

53. Thomas PM, Cote GJ, Wohlik N, Haddad B, Mathew PM,
Rabi W, Aguilar-Bryan L, Gagel RF, Bryan J. Mutations
in the sulfonylurea receptor gene in familial persistent
hyperinsulinemic hypoglycemia of infancy. Science 1995;
268: 426–429.

54. Dunne MJ, Kane C, Shepherd RM, Sanchez JA, James
RF, Johnson PR, Aynsley-Green A, Lu S, Clement JP,
Lindley KJ, Seino S, Aguilar-Bryan L. Familial persistent
hyperinsulinemic hypoglycemia of infancy and mutations
in the sulfonylurea receptor. N Engl J Med 1997; 336:
703–706.



Hypoglycemia 605

55. Thomas P, Ye Y, Lightner E. Mutation of the pancreatic
islet inward rectifier Kir6.2 also leads to familial persis-
tent hyperinsulinemic hypoglycemia of infancy. Hum Mol
Genet 1996; 5: 1809–1812.

56. Nestorowicz A, Inagaki N, Gonoi T, Schoor KP, Wilson
BA, Glaser B, Landau H, Stanley CA, Thornton PS,
Seino S, Permutt MA. A nonsense mutation in the inward
rectifier potassium channel gene, Kir6.2, is associated
with familial hyperinsulinism. Diabetes 1997; 46: 1743–
1748.

57. de Lonlay P, Fournet JC, Rahier J, Gross-Morand MS,
Poggi-Travert F, Foussier V, Bonnefont JP, Brusset MC,
Brunelle F, Robert JJ, Nihoul-Fekete C, Saudubray JM,
Junien C. Somatic deletion of the imprinted 11p15 region
in sporadic persistent hyperinsulinemic hypoglycemia of
infancy is specific of focal adenomatous hyperplasia and
endorses partial pancreatectomy. J Clin Invest 1997; 100:
802–807.

58. Verkarre V, Fournet JC, de Lonlay P, Gross-Morand MS,
Devillers M, Rahier J, Brunelle F, Robert JJ, Nihoul-Fek-
ete C, Saudubray JM, Junien C. Paternal mutation of the
sulfonylurea receptor (SUR1) gene and maternal loss of
11p15 imprinted genes lead to persistent hyperinsulinism
in focal adenomatous hyperplasia. J Clin Invest 1998;
102: 1286–1291.

59. Ryan F, Devaney D, Joyce C, Nestorowicz A, Permutt
MA, Glaser B, Barton DE, Thornton PS. Hyperinsulin-
ism: molecular aetiology of focal disease. Arch Dis Child
1998; 79: 445–447.

60. Glaser B, Ryan F, Donath M, Landau H, Stanley CA,
Baker L, Barton DE, Thornton PS. Hyperinsulinism
caused by paternal-specific inheritance of a recessive mu-
tation in the sulfonylurea-receptor gene. Diabetes 1999;
48: 1652–1657.

61. Rahier J, Guiot Y, Sempoux C. Persistent hyperinsu-
linaemic hypoglycaemia of infancy: a heterogeneous syn-
drome unrelated to nesidioblastosis. Arch Dis Child Fetal
Neonatal Ed 2000; 82: F108–F112.

62. Sempoux C, Guiot Y, Lefevre A, Nihoul-Fekete C,
Jaubert F, Saudubray JM, Rahier J. Neonatal hyperinsu-
linemic hypoglycemia: heterogeneity of the syndrome and
keys for differential diagnosis. J Clin Endocrinol Metab
1998; 83: 1455–1461.

63. de Lonlay-Debeney P, Poggi-Travert F, Fournet JC, Sem-
poux C, Vici CD, Brunelle F, Touati G, Rahier J, Junien
C, Nihoul-Fekete C, Robert JJ, Saudubray JM. Clinical
features of 52 neonates with hyperinsulinism. N Engl J
Med 1999; 340: 1169–1175.

64. Thornton PS, Satin-Smith MS, Herold K, Glaser B, Chiu
KC, Nestorowicz A, Permutt MA, Baker L, Stanley CA.
Familial hyperinsulinism with apparent autosomal domi-
nant inheritance: clinical and genetic differences from the
autosomal recessive variant. J Pediatr 1998; 132: 9–14.

65. Hufnagel M, Eichmann D, Stieh J, Santer R. Further ev-
idence for a dominant form of familial persistent hyper-
insulinemic hypoglycemia of infancy: a family with doc-
umented hyperinsulinemia in two generations. (letter). J
Clin Endocrinol Metab 1998; 83: 2215–2216.

66. Zammarchi E, Filippi L, Novembre E, Donati MA. Bio-
chemical evaluation of a patient with a familial form of
leucine-sensitive hypoglycemia and concomitant hyper-
ammonemia. Metabolism 1996; 45: 957–960.

67. Weinzimer SA, Stanley CA, Berry GT, Yudkoff M, Tuch-
man M, Thornton PS. A syndrome of congenital hyper-
insulinism and hyperammonemia. J Pediatr 1997; 130:
661–664.

68. Kitaura J, Miki Y, Kato H, Sakakihara Y, Yanagisawa M.
Hyperinsulinaemic hypoglycaemia associated with per-
sistent hyperammonaemia. Eur J Pediatr 1999; 158: 410–
413.

69. Miki Y, Taki T, Ohura T, Kato H, Yanagisawa M, Hayashi
Y. Novel missense mutations in the glutamate dehydro-
genase gene in the congenital hyperinsulinism–hyper-
ammonemia syndrome. J Pediatr 2000; 136: 69–72.

70. Aynsley-Green A, Hussain K, Hall J, Saudubray JM,
Nihoul-Fekete C, De Lonlay-Debeney P, Brunelle F,
Otonkoski T, Thornton P, Lindley KJ. Practical manage-
ment of hyperinsulinism in infancy. Arch Dis Child Fetal
Neonatal Ed 2000; 82: F98–F107.

71. Rahier J, Sempoux C, Fournet JC, Poggi F, Brunelle F,
Nihoul-Fekete C, Saudubray JM, Jaubert F. Partial or
near-total pancreatectomy for persistent neonatal hyper-
insulinaemic hypoglycaemia: the pathologist’s role. His-
topathology 1998; 32: 15–19.

72. Aynsley-Green A, Polak JM, Bloom SR, Gough MH,
Keeling J, Ashcroft SJ, Turner RC, Baum JD. Nesidio-
blastosis of the pancreas: definition of the syndrome and
the management of severe neonatal hyperinsulinemic hy-
poglycaemia. Arch Dis Child 1981; 56: 496–508.

73. Kane C, Lindley KJ, Johnson PR, James RF, Milla PJ,
Aynsley-Green A, Dunne MJ. Therapy for persistent hy-
perinsulinemic hypoglycemia of infancy. Understanding
the responsiveness of beta cells to diazoxide and somato-
statin. J Clin Invest 1997; 100: 1888–1893.

74. Thornton PS, Alter CA, Levitt Katz L, Baker L, Stanley
CA. Short- and long-term use of octreotide in the treat-
ment of congenital hyperinsulinisim. J Pediatr 1993; 123:
637–643.

75. Lindley KJ, Dunne MJ, Kane C, Shepherd RM, Squires
PE, James RF, Johnson PR, Eckhardt S, Wakeling E, Dat-
tani M, Milla PJ, Aynsley-Green A. Ionic control of �-
cell function in nesidioblastosis. A possible therapeutic
role for calcium channel blockade. Arch Dis Child 1996;
74: 373–378.

76. Eichmann D, Hufnagel M, Quick P, Santer R. Treatment
of hyperinsulinaemic hypoglycaemia with nifedipine. Eur
J Pediatr 1999; 158: 204–206.

77. Bas F, Darendeliler F, Demirkol D, Bundak R, Saka N,
Gunoz H. Successful therapy with calcium channel
blocker (nifedipine) in persistent neonatal hyperinsu-
linemic hypoglycemia of infancy. J Pediatr Endocrinol
Metab 1999; 12: 873–878.

78. Suprasongsin C, Suthutvoravut U, Mahachoklertwattana
P, Preeyasombat C. Combined raw cornstarch and nife-
dipine as an additional treatment in persistent hyperin-
sulinemic hypoglycemia of infancy. J Med Assoc Thai
1999; 82 Suppl 1: S39–S42.

79. Spitz L, Bhargava RK, Grant DB, Leonard JV. Surgical
treatment of hyperinsulinaemic hypoglycaemia in infancy
and childhood. Arch Dis Child 1992; 67: 201–205.

80. Aynsley-Green A, Moncrieff MW, Ratter S, Benedict CR,
Storrs CN. Isolated ACTH deficiency. Metabolic and en-
docrine studies in a 7-year-old boy. Arch Dis Child 1978;
53: 499–502.

81. al Jurayyan NA. Isolated adrenocorticotropin deficiency
as a rare cause of hypoglycaemia in children. Further
studies and report of an additional case. Horm Res 1995;
44: 238–240.

82. Haymond MW, Karl I, Weldon VV, Pagliara AS. The role
of growth hormone and cortisone on glucose and gluco-
neogenic substrate regulation in fasted hypopituitary chil-
dren. J Clin Endocrinol Metab 1976; 42: 846–856.



606 Wolfsdorf and Weinstein

83. Lovinger RD, Kaplan SL, Grumbach MM. Congenital
hypopituitarism associated with neonatal hypoglycemia
and microphallus. J Pediatr 1975; 87: 1171–1181.

84. Hopwood NJ, Forsman PJ, Kenny FM, Drash AL. Hy-
poglycemia in hypopituitary children. Am J Dis Child
1975; 129: 918–926.

85. Wolfsdorf JI, Sadeghi-Nejad A, Senior B. Hypoketonemia
and age-related fasting hypoglycemia in growth hormone
deficiency. Metabolism 1983; 32: 457–462.

86. Aynsley-Green A, McGann A, Deshpande S. Control of
intermediary metabolism in childhood with special ref-
erence to hypoglycaemia and growth hormone. Acta Pae-
diatr Scand Suppl 1991; 377: 43–52.

87. Laron Z. Prismatic cases: Laron syndrome (primary
growth hormone resistance) from patient to laboratory to
patient. J Clin Endocrinol Metab 1995; 80: 1526–1531.

88. Orho M, Bosshard NU, Buist NRM, Gitzelmann R, Ayn-
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I. INTRODUCTION

Until the 1970s, the care and investigation of childhood
diabetes were pursued by internists, pediatricians, ne-
phrologists, and general physicians. In 1971 it was esti-
mated that visits for diabetes by those 0–15 years of age
were equally divided among internists, general physicians,
and general pediatricians (1). At that time there were few
pediatric endocrinologists, virtually none in private prac-
tice, 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 0–21-
year-old diabetes patients and nearly half of these were to
private practicing pediatric endocrinologists; the remain-
der included 37% to internists (most likely the older ad-
olescents and young adults) and 28% to general pediatri-
cians (3). In pediatric endocrinology practice, diabetes
now accounts for 50–60% of the workload (3). The
movement of diabetology into mainstream pediatric en-
docrinology has multiple causes beyond the clinical im-
portance and challenge of the problem, including the sci-
entific excitement about diabetes research (and its
funding), the extensive endocrine physiology 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 be-
cause we are presently engaged in a comparable revolu-
tion in what is considered to be within the purview of
pediatric endocrinology. The contemporary epidemic of
type 2 diabetes in youth has confronted pediatric diabetes
specialists with a major responsibility for a condition pre-
viously rare in the pediatric age group. Furthermore, pe-
diatric endocrinologists have had to reconsider the asso-
ciated 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.
As they earlier did for diabetes, pediatric diabetologists
are becoming involved in creating teams to deal with this
difficult and growing clinical challenge of obesity and
type 2 diabetes.

II. DIAGNOSIS AND CLASSIFICATION

The diagnosis of diabetes includes a wide variety of dis-
eases characterized by hyperglycemia. Because insulin is
the only physiologically significant hypoglycemic hor-
mone, hyperglycemia is the result of either impaired se-
cretion of insulin from the beta cells of the pancreas (type
1 diabetes) or resistance to the effect of insulin in the liver,
muscle, and fat cells exceeding a limited capacity of the
pancreas to compensate (type 2 diabetes). Criteria for the
diagnosis of diabetes have recently been revised and cat-
egories of impaired glucose tolerance and impaired fasting
glucose added, reflecting the recognition that these pre-
clinical glucose intolerance states are associated with in-
creased cardiovascular morbidity (4). Table 1 lists the
current recommendations of the American Diabetes As-
sociation (4). There is no reason to apply different criteria
with children and adolescents.

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 separated by age of
onset (juvenile and maturity or adult), which a 1979 report
of the U.S. National Diabetes Data Group revised to em-
phasize treatment, using the terms insulin-dependent
(IDDM) and noninsulin-dependent diabetes (NIDDM) for
the principal forms (5). Contemporary understanding of
the pathogenesis of various forms of diabetes has made
this classification based on treatment inappropriate. Table
2 is adapted from the classification published by the ADA
expert committee (4).
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Table 2 Classification of Causes of Diabetes Mellitus

I. Type 1 diabetesa (�-cell destruction), usually leading to
absolute insulin deficiency

A. Immune-mediated
B. Idiopathic

II. Type 2 diabetesa: may range from predominantly
insulin resistance with relative insulin deficiency to a
predominantly secretory defect with insulin resistance

III. Other specific types

A. Genetic defects of �-cell function
1. Maturity-onset diabetes of the young
2. Mitochondrial defects

B. Genetic defects in insulin action
1. Type A insulin resistance
2. Leprechaunism
3. Rabson-Mendenhall syndrome
4. Lipoatrophic diabetes

C. Diseases of the exocrine pancreas
1. Pancreatitis
2. Trauma/pancreatectomy
3. Neoplasia
4. Cystic fibrosis
5. Hemochromatosis
6. Fibrocalculous pancreatopathy

D. Endocrinopathies
1. Acromegaly
2. Cushing syndrome
3. Glucagonoma
4. Pheochromocytoma
5. Hyperthyroidism
6. Somatostatinoma
7. Aldosteronoma

E. Drug- or chemical-induced
1. Vacor
2. Pentamidine
3. Nicotinic acid
4. Glucocorticoids
5. Thyroid hormone
6. Diazoxide
7. �-adrenergic agonists
8. Thiazides
9. Dilantin

10. �-Interferon

F. Infections
1. Congenital rubella
2. Cytomegalovirus

G. Uncommon forms
1. ‘‘Stiff-man’’ syndrome
2. Anti-insulin receptor antibodies

Table 1 Criteria for the Diagnosis of Diabetes

Symptoms plus random plasma glucose concentration >200
mg/dl (11 mmol/l), or

Fasting plasma glucose >126 mg/dl (7 mmol/l), or
2 h plasma glucose >200 mg/dl (11 mmol/l) during oral glu-

cose tolerance test (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 kg.

In the absence of marked hyperglycemia with decom-
pensation, these criteria should be confirmed by repeat test-
ing on a different day. OGTT is not recommended for routine
clinical use.

Impaired glucose tolerance = 2 h plasma glucose 140–
200 mg/dl

Impaired fasting glucose = 110–125 mg/dl

A. Type 1 Diabetes

Diabetes occurring in childhood remains predominantly
immune-mediated type 1 disease associated with histo-
compatibility locus (HLA) specificities. Type 1 diabetes
will be discussed in detail in the next section. Idiopathic
type 1 diabetes may be difficult to differentiate from the
immune-mediated form. Many, if not most, African-Amer-
ican patients who have type 1 disease without evidence
of autoimmunity have what has been termed atypical di-
abetes 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.

B. Type 2 Diabetes

Type 2 diabetes in childhood and adolescence now ac-
counts for 10–50% of new patients with diabetes in this
age group, depending on the ethnic/racial mix of the pop-
ulation served (8). Detailed discussion of this form of di-
abetes is in a subsequent section and the characteristics
are listed in Table 3.

C. 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 white patients (Table 3).
Six molecular causes of MODY have been identified, af-
fecting beta-cell function. Its frequency among patients
with diabetes is reported to vary from <0.2 to 5% in var-
ious populations (9).

D. Mitochondrial Mutations

Diabetes and deafness may be associated as a result of
mutations in mitochondrial DNA (10–12).
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Table 2 Continued

H. Other genetic syndromes sometimes associated with
diabetes

1. Down syndrome
2. Klinefelter syndrome
3. Turner syndrome
4. Wolfram syndrome
5. Friedreich ataxia
6. Huntington chorea
7. Laurence-Moon-Biedl syndrome
8. Myotonic dystrophy
9. Porphyria

10. Prader-Willi syndrome

IV. 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’s disease.

Table 3 Classification of the Types of Diabetes Seen in Children

Type 1 ADM MODY Type 2

Age at onset Throughout childhood Pubertal Pubertal Pubertal
Predominant race or ethnic

distribution
All (low frequency in

Asians)
African American

(AA)
White Nonwhite Hispanic, AA,

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 BGb 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 first-
degree relative

5–10% >75% 100% �80%

Mode of inheritance Nonmendelian, generally
sporadic

Autosomal
dominant

Autosomal
dominant

Nonmendelian, 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.
bBG = blood glucose.
Source: Adapted from Ref. 26.

E. Genetic Defects in Insulin Action

Genetically determined abnormalities of insulin action are
very rare as a cause of diabetes, ranging from mild hy-
perinsulinemia with modest hyperglycemia to severe di-
abetes (13). The structure and function of the insulin re-
ceptor are intact in the insulin resistance of lipoatrophic
diabetes, indicating that the defect lies in postreceptor
transduction (14).

F. Diseases of the Exocrine Pancreas

Diffuse injury to the pancreas needs to be relatively ex-
tensive to result in diabetes, because of the small volume

occupied by the beta cells, with the exception of carci-
noma involving the pancreas, which is a condition not
seen in children. With improved survival, increasing num-
bers of patients with cystic fibrosis are developing dia-
betes (15).

G. Endocrinopathies

Diabetes has been described in adults with hormone ex-
cess syndromes including acromegaly, Cushing syndrome,
glucagonoma, and pheochromocytoma (16). There has
been recent concern about the use of pharmacological
doses of growth hormone in children who do not have
growth hormone deficiency, which may be increasing the
risk for type 2 diabetes (17, 18).

H. Drug- or Chemical-Induced Diabetes

A large number of drugs used in pediatric care can impair
insulin secretion, increase gluconeogenesis, or increase in-
sulin resistance, resulting in hyperglycemia or the precip-
itation of diabetes in a susceptible individual (19, 20). The
rat poison, Vacor, and pentamidine given intravenously
can permanently destroy beta cells (21–24). Other drugs
can impair insulin action, probably the most common be-
ing glucocorticoids (19, 20).

I. Infections

Numerous viruses have been implicated in the induction
of diabetes, but the strongest evidence of direct causation
comes from the experience with congenital rubella (25)
which is, fortunately, now rarely seen.
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The distinctions indicated by the typical features in
Table 3 are not always as certain as one would like. There
are a number of reasons for difficulties in classification.
With the increased frequency of obesity in childhood, a
substantial number of newly diagnosed type 1 patients and
ADM patients will be obese, raising the question of type
2 disease. Because some type 2 patients and almost all
ADM have ketoacidosis, this feature is not helpful for
differentiating non-type 1 from type 1 diabetes. The spec-
ificity of a family history of type 2 disease is low because
of the high frequency of this disorder in the general pop-
ulation, particularly in populations of nonwhite heritage.
Furthermore, a family history of type 2 diabetes is three
times as likely with type 1 diabetes as in the general pop-
ulation; conversely, type 1 diabetes is more frequent in
the relatives of patients with type 2 disease. Genetic in-
teraction between type 1 and type 2 diabetes is further
suggested by HLA haplotype interaction and the finding
of islet autoimmunity markers at onset in some children
and adults with typical type 2 disease (27). Insulin or C-
peptide measurements at the onset of diabetes may not be
helpful because of the recovery phase of autoimmune di-
abetes indicating reasonable beta cell function and, con-
versely, glucose toxicity/lipotoxicity in nonautoimmune
diabetes, which may impair insulin secretion at the time
of testing.

A study of 700 newly diagnosed 5–19-year-old pa-
tients from three university centers in Florida over a 5
year period indicated that 3% of those initially classified
as having type 1 diabetes (17/605) were later classified as
having type 2 disease; 8% of those initially diagnosed as
type 2 disease were subsequently reclassified as having
type 1 diabetes (6/77) (28). Most of the 17 originally con-
sidered to have type 1 disease and later determined to
have type 2 diabetes were diagnosed with ketosis or in
ketoacidosis. Those six with an initial diagnosis of type 2
diabetes who were subsequently considered to have type
1 disease were, typically, overweight youngsters without
diabetes-related antibodies; however, over the next few
years they had a clinical course most consistent with type
1 disease. In this relatively sophisticated clinical setting,
the proportion of patients in whom classification may be
problematic is less than 5% of newly diagnosed children
and youth.

Table 4 summarizes clinical characteristics that are
helpful in differentiating type 1 and type 2 diabetes in
children and adolescents. In those with acute onset who
are not obese, and not African-American, type 1 diabetes
is highly likely and further testing is not necessary. Non-
obese African-American youngsters with acute-onset di-
abetes who have a three-generation family history of di-
abetes indicative of autosomal dominant transmission and
do not have islet autoimmunity markers are very likely to
have ADM. Islet cell autoimmunity testing should be con-
sidered in obese patients who have acute onset; if this is
not practical or if the patient has acanthosis nigricans, the
ability to reduce and stop 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 con-
sidered to have type 2 disease. If the patient is lean, islet
autoantibody testing will be helpful and, if results are pos-
itive, indicate early detection of type 1 diabetes. Absence
of islet cell autoimmunity in the lean individual may in-
dicate MODY, in which case testing of family members
will be productive; the pattern of autosomal dominant
transmission may not emerge unless apparently unaffected
family members are tested. Fasting C-peptide or insulin
measurements may be of value, with elevated levels in-
dicative of type 2 diabetes; repeated testing after 1 year
or more may be needed for those who have normal results.

III. TYPE 1 DIABETES

A. Epidemiology

The terminology used in discussing the epidemiology of
disease includes the following (29):

Incidence: The number of cases diagnosed in a given
period of time, within a population or segment
thereof, such as males and females, 10–20-year-
olds, and so on. For chronic diseases such as di-
abetes, this is usually expressed as new cases per
100,000 population per year.

Prevalence: The number of cases within a population
or a specific segment of the population at any
time. This is a cross-section and is usually ex-
pressed as number of cases per 1000 individuals.

Frequency: This nonspecific term can denote either
prevalence or incidence, or both, depending on
how it is used.

Epidemic: A greater number of cases than expected.

The past 20 years have seen a phenomenal increase
in knowledge about the epidemiological patterns of type
1 diabetes, which was anticipated to provide insight into
the critical environmental contribution to the development
of this disease (30). This information has heightened the
appreciation of the likely complexity and importance of
environmental causation, while casting little light on what
those environmental factors might be. The Multi-National
Project for Childhood Diabetes (DiaMonde) study was
initiated by the World Health Organization in 1990 to in-
vestigate and monitor the patterns of incidence of type 1
diabetes (31). This remarkable study encompasses sur-
veillance of 4.5% of the world’s population 14 years of
age and under, representing probably the largest standard-
ized survey undertaken for any disease (32).

From 1990 to 1994, a total of nearly 20,000 cases of
type 1 diabetes in children �14 years were diagnosed in
the 75 million sample population, and incidence rates cal-
culated per 100,000. There was a >350 fold variation in
incidence among the 100 populations studied, from 0.1:
100,000 per year in China and Venezuela to 36.8:100,000
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Table 4 Differentiating Type 1 from Type 2 Diabetes in Children and Adolescents

Characteristics Type l Type 2 Comment

Demographics
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 F = M F > M 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 exam.

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 percentage of body
weight.

HHS Very rare Occurs Type 2 can develop severe, fatal dehydration,
and electrolyte disturbance.

Physical findings
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.

Biochemical findings
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

HbA1 Elevated Elevated Not useful for diagnosis of diabetes type.
Insulin or C-

peptide/serum
Low (may be nl early) Normal-high Hyperinsulinism reflects insulin resistance. Low

levels may be found in type 2 at diagnosis,
repeat 3–6 months 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 years.
Source: Adapted from Hale DE. Type 2 diabetes: an increasing pediatric problem.

per year in Sardinia and 36.5:100,000 per year in Finland.
Very high incidence, considered �20:100,000 per year,
was also found in Sweden, Norway, Portugal, the United
Kingdom, Canada, and New Zealand. When the popula-
tion was divided into 5 year age groups, incidence in-
creased with age and was highest among those 10–14
years old. Wide variation was seen between neighboring
areas in Europe and North America. For example, the rate
in Estonia (10.5:100,000) is less than one-third that of
Finland. In North America, Alberta and Prince Edward
Island have comparable rates of 24 and 24.5:100,000,
whereas US rates vary from 11.7:100,000 in Chicago to
17.8:100,000 in Pennsylvania. While the rate in Puerto
Rico, 17.4:100,000 is virtually identical to that in Penn-
sylvania, that in neighboring and ethnically similar Cuba

is only 2.9:100,000 (32). The prevalence of type 1 dia-
betes is estimated to be 1.7–2.5:1000 in the school-age
population younger than 18 years in the United States
(33).

Migrant populations provide an interesting perspec-
tive on environmental contributions to the development of
type 1 diabetes. A number of observations have indicated
that susceptibility is affected by environmental change.
Japanese living in Hawaii are five times more likely to
have type 1 diabetes than those in Japan, a country with
a very low incidence of type 1 diabetes. Ethnic French
and Italian children in Montreal have twice the incidence
of diabetes as those in their native lands (34–36). Israeli
children in Canada have a fourfold greater incidence than
those in Israel (32). Indian children migrating from South
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Africa, where type 1 diabetes in the Indian population is
very low, to England had incidence rates comparable to
those of English children in the community (33).

There is considerable evidence for an increasing fre-
quency of type 1 diabetes, which is a further profound
argument for environmental influences. The temporal
trend has been one of steadily increasing incidence in
northern European countries (38, 39); Sweden and Nor-
way have reported a 3.3% annual increase while Finland
has reported a 2.4% annual rise in incidence (40, 41).
Epidemics have been described outside Europe, one strik-
ing report being a single year nearly sixfold increase in
the Virgin Islands in 1984 (42). There is also evidence
that the average age of onset of diabetes is decreasing
(43). Consistent with the occasional observation of an ep-
idemic increase in type 1 diabetes, modest seasonality has
been documented, with a summertime dip that occurs in
both northern and southern parts of the United States (38,
44, 45).

B. Etiology and Prevention

Type 1 diabetes is an autoimmune disease with a long
preclinical course. Patients who are genetically predis-
posed are exposed to an environmental trigger that initi-
ates autoimmune destruction of beta cells. This results in
the release of antigens that had previously not been seen
by the immune system, resulting in production of anti-
bodies to these antigens. The appearance of insulin auto-
antibodies, islet cell antibodies, glutamic acid decarbox-
ylase (GAD65) antibodies, and antibodies to tyrosine
phosphatase (IA-2 or ICA512) indicates ongoing auto-
immune disease. These antibodies may be present in the
serum for several years before the development of overt
diabetes. As the autoimmune process continues, there is
gradual loss of beta-cell mass. The first demonstrable ab-
normality is loss of first-phase insulin release (FPIR) dur-
ing intravenous glucose tolerance testing (IVGTT). This
is followed by abnormal results of oral glucose tolerance
testing and, finally, overt diabetes (46).

The presence of immune markers before the onset of
diabetes has allowed for the development of prediction
models to determine who is at risk for developing disease.
The immunoassays (GAD65, IA-2) are more easily applied
for large-scale use than previous assays for islet cell au-
toimmunity, have a high predictive value for type 1 dia-
betes, and are more reproducible than islet-cell antibody
assays. GAD65 antibodies are present in 80% of relatives
with newly diagosed diabetes and IA-2 are present in 50–
60% of patients at diabetes onset (46). Multiple autoan-
tibodies to islet antigens confer a cumulative risk of 75–
90% over 5–10 years of follow-up in first-degree relatives
(47–49). Other risk factors include young age, high-titer
antibodies, low first-phase insulin response to IVGTT, and
high-risk HLA (DR3/4, DQB0302/DQB0201) (50, 51).
The persistent loss of FPIR secretion during IVGTT pre-

dicts progression to overt diabetes over the next 5 years
in >85% (52).

Because of this ability to predict diabetes, several tri-
als designed to prevent the disease in high-risk individuals
have been initiated. Initial studies were aimed at treatment
of newly diagnosed patients with immunosuppressive
agents. Cyclosporine appeared promising: there was in-
creased frequency and duration of clinical remission as
determined by residual C-peptide secretion, but remission
was not long lived and the effect was lost when the cy-
closporine was discontinued (53). Furthermore, reports of
cyclosporine-induced nephrotoxicity led to concern about
the relative risk/benefit ratio of this form of therapy and
studies were stopped (54). Azathioprine was also used in
patients with newly diagnosed diabetes. Again, the
increased C-peptide levels seen in treated patients com-
pared to controls was a short-lived effect despite contin-
ued use of the immunosuppressive agent. Predictors of
success with these agents were older age, lack of ketoac-
idosis at diagnosis, early initiation of treatment, and
higher C-peptide levels at diabetes onset (55). Treatment
with high-dose insulin using the Biostator, a device that
measured venous blood glucose every few minutes and
provided intravenous insulin to maintain normoglycemia,
was as effective in preserving C-peptide as was azathio-
prine. However, as with the immunosuppressive agents,
the results were transient (56). Because of the lack of
adequate efficacy to justify the potential toxicities of the
immunosuppressive agents used, efforts were made to de-
sign trials using safer agents and to initiate treatment at
an earlier stage of the disease (i.e., before the appearance
of diabetes).

1. North American Diabetes Prevention Trial 1
The North American Diabetes Prevention Trial 1 (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 to controls who refused insulin prophylaxis (57). In
the DPT-1, patients with ICA were considered high risk
if they had low FPIR to IVGTT (>50% risk of developing
diabetes over 5 years) and were randomized to receive
low-dose subcutaneous insulin or no intervention. Sub-
jects with ICA and normal FPIR were assigned to the
intermediate-risk group (25–50% chance of developing
diabetes over 5 years) and were randomly assigned to re-
ceive oral insulin or placebo. The study revealed no dif-
ferences in development of diabetes between the high-risk
insulin-treated group and controls (58). Enrollment for the
oral insulin arm of the study is expected to be complete
by 2003. Regardless of the outcome of this large multi-
center trial, this undertaking has resulted in the formation
of an integrated network with core laboratories providing
standardized testing and a centralized data/statistical cen-
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ter, providing a framework for future multicenter inter-
vention trials.

2. Nicotinamide
Nicotinamide is a free radical scavenger that interferes
with the autoimmune destruction of beta cells, primarily
by acting as an antioxidant. Nicotinamide therapy restores
cellular NAD� levels, helps to prevent damage from in-
flammatory macrophages, and promotes increased beta-
cell regenerative capacity (59, 60). Animal models have
shown nicotinamide to be effective in preventing diabetes.
Because nicotinamide is a safe drug, its initial positive
results in animal models, as well as in population based
studies in New Zealand (below), made it an attractive can-
didate for diabetes prevention trials.

Nicotinamide decreased the incidence of type 1 dia-
betes by 41% in a study involving 80,000 5–7-year-old
New Zealand school children (61, 62). Among the 20,000
children tested for ICA, 185 were positive and 173 of
them accepted treatment with nicotinamide for upwards
of 7 years; the incidence of type 1 diabetes in the treated
group was �7:100,000, which was significantly lower
than the 16–18:100,000 per year incidence in the back-
ground population. These findings led to the initiation of
a large European multicenter study, the European Nico-
tinamide Diabetes Intervention Trial (ENDIT). This trial
is a double-blind placebo-controlled study enrolling first-
degree relatives who have islet cell antibodies. Enrollment
began in 1994 and was completed in 1998. Final results
are anticipated in 2003. ENDIT screened 50,000 first-de-
gree relatives of children with type 1 diabetes. Of these,
552 subjects had islet cell antibodies with normal oral
glucose testing. The interim analysis demonstrated that
none of the criteria for stopping the study had been met:
there was neither a higher nor lower incidence of diabetes
in the nicotinamide group, using a p value <0.0001 (63).

The Deutsche Nicotinamide Intervention Study
(DENIS) was a randomized placebo-controlled trial com-
paring nicotinamide with placebo in 2415 siblings of chil-
dren with type 1 diabetes from Germany and Austria. Of
those screened, 164 siblings had islet cell antibody titers
and, of those, 68 agreed to be randomized to receive
nicotinamide or placebo. The study was terminated early
(after 2 years) because of failure to demonstrate efficacy
of nicotinamide over placebo. Indeed, FPIR during
IVGTT was decreased in the nicotinamide group at 2
years compared to the placebo group, in which it remained
stable (64).

3. Environmental Triggers
The importance of environmental factors in the initiation
of the autoimmune response that ultimately results in di-
abetes is suggested by the observations that only 30% of
identical monozygotic twins are concordant for type 1 di-
abetes and the incidence of diabetes is rising, with a de-
crease in mean age of onset, despite a stable genetic pool

(65–67). Several agents have been implicated, but only
those figuring in preventive trials will be discussed here.
Particularly interesting is the report that vitamin D sup-
plementation of a large group of infants in northern Fin-
land was associated with a relative risk of 0.16 compared
to those who did not receive vitamin D (relative risk = 1)
(68). Many other factors have been linked to increased
risk of diabetes, including perinatal insult, exposure to ni-
trosamine (69–71), and lack of exposure to early infection
(72).

a. Cow’s Milk. One of the proposed triggers of di-
abetes is cow’s milk, thought to be due to the structural
similarity of a 17 aminoacid fragment (ABBOS) of bovine
serum albumin to an islet antigen (ICA 69). This structural
similarity invoked the concept of molecular mimicry as
the mechanism for autoimmune destruction of beta cells.
This hypothesis is controversial, however, with conflicting
studies reported. Although Karjalainen et al. found anti-
bodies to bovine serum albumin in children with new-
onset diabetes, but not controls (73), the Diabetes Auto-
immunity Study of the Young (DAISY) found no
association between islet autoimmunity and early cow’s
milk exposure (74). The Trial to Reduce Type 1 Diabetes
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 6 months of life would reduce
diabetes in the high-risk population. Infants with high-risk
HLA genotypes DQB10302 and/or DQB10201 and who
were negative for the protective genotypes DQB10602,
0603, or 030 were offered enrollment. Two hundred
thirty-four infants have been randomized. Mothers were
encouraged to breastfeed. The intervention group received
a caseine hydrolysate formula after full breastfeeding,
whereas the control group received the cow’s-milk-con-
taining formula. The intervention group was advised to
avoid beef and cow’s milk products in the diet. Fifteen
percent of the infants dropped out of the study before 8
months and those infants randomized into the intervention
group remained breastfed longer than did those in the con-
trol group (8.1 vs 7.2 months). Antibodies to IA-2, insulin,
GAD, and islet cell cytoplasm were measured in 173 chil-
dren at 2 years of age. At least one autoantibody was
present in 3.6% of the caseine hydrolysate group and
11.2% of the control group (75). This 10 year prospective
trial is not yet complete.

b. Viral Agents/Vaccines. Maternal infection with
enterovirus has been reported to increase diabetes risk in
the offspring. Studies from Sweden and Finland found
increased IgM antibodies to enterovirus in pregnant
women whose children subsequently developed diabetes
compared to control women (76, 77). Molecular mimicry
between the P2-D protein of coxsackievirus and the GAD
protein make this an attractive hypothesis. Other viruses
implicated have been rubella (acquired in utero), chick-
enpox, mumps, measles, ECHO, and rotavirus (78, 79).
Immunization with diphtheria–pertussis–tetanus and with
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Hemophilus influenzae vaccines has also been reportedly
associated with increased incidence of type 1 diabetes
(80). An expert panel of the National Institutes of Health
found no evidence for a relationship between immuniza-
tions and diabetes, however.

One approach to diabetes prevention is to shield those
who are genetically at risk from potential initiators of pan-
creatic autoimmunity. The Pediatric Assessment of New-
borns for Diabetes Autoimmunity (PANDA) study is a
pilot effort in which infants have filter-paper HLA typing
done at birth with the rest of the standard neonatal screen-
ing (81). Those babies with highest HLA risk haplotypes
(DR3 and DR4, DQA0302/501 and DQB0301, 0201)
have blood drawn for determination of islet cell antibod-
ies. The families keep records of foods eaten, immuniza-
tions, and illnesses and the subjects are tested for islet
autoantibodies every 6 months in the initial few years, and
then annually. Correlations of the appearance of islet au-
toimmunity with history of environmental exposure may
help to identify the environmental factors that trigger the
autoimmune cascade to permit specific preventive inter-
vention.

C. Clinical Picture

Children with type 1 diabetes mellitus are typically di-
agnosed because of symptoms of polyuria, polydipsia, and
weight loss. The classic sign of polyphagia is frequently
absent in children, and they are likely to have loss of
appetite, presumably because their ketosis results in ano-
rexia. Preschool children often have a shorter duration of
symptoms and are more likely to have ketoacidosis with
vomiting and lethargy at diabetes diagnosis than are older
children. Enuresis in a previously toilet-trained child, or
nocturia, may be the first clue to polyuria. Loss of weight
despite increased dietary intake is due to tissue catabo-
lism, with gluconeogenesis and urinary glucose loss.

Pyogenic skin infections, candidal diaper rash in ba-
bies and toddlers, monilial vaginitis in teenage girls, or
dysuria may be present at the time of diagnosis. These
findings are rarely isolated features of diabetes in children,
and careful history will invariably reveal the coexistence
of polyuria and polydipsia. The dehydration associated
with polyuria may result in nonspecific symptoms of con-
stipation, headache, and abdominal pain, often interpreted
as a viral syndrome, or gastroenteritis if there is vomiting.
Ketoacidosis (DKA) is present in 15–40% of newly di-
agnosed children, depending on the sociodemographic
characteristics of the population. Clinical features of DKA
are listed in Chapter 27. Vomiting without diarrhea, and
continued high urine output despite circumstances asso-
ciated with dehydration, indicate diabetes.

Children in whom diabetes must be considered may,
for practical purposes, be divided into three general cat-
egories: those who have typical signs and symptoms of
diabetes: polyuria, polydipsia, and weight loss; those who

have glucosuria, without hyperglycemia; and those with
transient hyperglycemia.

Renal glucosuria may be an isolated congenital dis-
order, a feature of Fanconi’s syndrome and other renal
tubular disorders, due to severe heavy metal intoxication,
ingestion of certain drugs (e.g., outdated tetracylcine), or
result from inborn errors of metabolism such as cystinosis.
When vomiting, diarrhea, or inadequate intake of food
occurs in any of these conditions, starvation ketosis may
ensue and simulate diabetic ketoacidosis. The absence of
hyperglycemia eliminates the possibility of diabetes.
Stress of illness, especially in toddlers, may be associated
with glucosuria and moderate hyperglycemia. Blood glu-
cose levels usually do not exceed 300–400 mg/dl (17–
20 mmol/l), but values up to 800 mg/dl (44 mmol/l) have
been reported. This usually occurs in the context of acute
exacerbation of asthma or during a hospital admission for
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 administration (19, 20). The presence
of ICA, IA-2, IAA, or GAD antibodies with stress- or
glucocorticoid-induced hyperglycemia may indicate lim-
ited beta-cell reserve and risk for future development of
diabetes (46). Thus, autoantibodies against islet anti-
gens should be measured in all instances of stress hyper-
glycemia.

D. Complications

Insulin replacement makes it possible for the child with
diabetes to attain a level of metabolic control that permits
day-to-day functioning in school, play, and at home, with
only occasional episodes of mild to moderate hypogly-
cemia and avoidance of ketoacidosis, despite high average
blood sugar concentrations. Awareness that this was the
typical situation was limited until the advance of self-
monitoring blood glucose and measurement of glyco-
hemoglobin (HbA1c) (82, 83). These advances, and the
improvement in insulins and delivery systems, have made
it possible to attain a level of glucose control that will
reduce the risk of long-term complications, as demon-
strated in the Diabetes Control and Complications Trial
(84). The contemporary goals of treatment of type 1 dia-
betes in children, therefore, include the traditional main-
tenance of a reasonably normal lifestyle and avoidance of
the acute complications (see Chapter 26), but with the
attainment of near-normal glycemia to reduce the risk of
long-term complications involving both microvascular
and macrovascular disease. Microvascular disease is re-
sponsible for retinopathy, nephropathy, and neuropathy.
Macrovascular complications affecting coronary, carotid,
and other major vessels are increasingly recognized as be-
ginning during childhood. Of particular interest in chil-
dren have been skeletal, joint, and skin complications, and
the effects of diabetes on growth and development.
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1. Skeletal, Joint, and Skin Problems

a. Skeleton. Early studies of bone density, using
single-photon absorptiometry, which detects the transmis-
sion of radiation from a 125I crystal through the bones of
the forearm, described more than 10% loss of bone den-
sity in nearly one-half of girls and one-third of boys with
type 1 diabetes. This was much more severe in white than
in black children, similar to the situation for adult osteo-
penia in women, and was only seen during the first 5 years
of diabetes (85). When spine bone density was examined
by computed tomography (CT) scan, a slight but signifi-
cant decrease was found, which was entirely caused by
weight differences between patients and controls (86, 87).
More recent study of the lumbar spine in children and
adolescents with diabetes, using dual energy x-ray ab-
sorptiometry (DEXA), also noted that bone mineral den-
sity was highly dependent on stature. There was no ab-
normality during the first several years of diabetes and no
abnormalities in the calcium/phosphorus hormone and
metabolic profile (88). Studies of the femoral neck and
lumbar spine in 88 younger Spanish adults with young
onset type 1 diabetes confirmed no significant osteopenia
associated with diabetes (89).

Two recent studies from Venezuela using DEXA ex-
amination of the lumbar spine and femoral neck in 26
children with a mean duration of diabetes of 4.3 years are
consistent with the initial studies using single-photon ab-
sorptiometry of the forearm. Children were compared to
controls and restudied after 1 year. There were no signif-
icant differences in femoral neck densities or total body
densities, but lumbar spine had significantly less bone
mineral density in those with diabetes. This did not cor-
relate with duration of diabetes or degree of diabetes con-
trol as determined by HbA1c concentration. A variety of
measures of bone turnover indicated lower activity in the
patients (90). A further study of 23 prepubertal children
with an average 6 month diabetes duration also revealed
decrease in lumbar spine density and decreased bone for-
mation markers, indicating very early changes (91).

The practical significance of these findings and their
consistency remain uncertain. Calcium loss in the urine is
characteristic of poorly controlled diabetes (92, 93), but
no studies have established a relationship between level
of control and bone mineral density. With longstanding
diabetes in adults, there is no epidemiological evidence of
increased fracture risk (94).

b. Joints. Limited joint mobility (LJM) is the ear-
liest clinically apparent long-term complication of type 1
diabetes in childhood and, following its initial description
in 1974, was recognized to be a common feature of both
type 1 and type 2 diabetes (95, 96). 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 longstanding
diabetes and early microvascular complications (95).

Milder expression was subsequently recognized as affect-
ing �30% of youngsters with diabetes, one-third of whom
had involvement of more than two fingers or one finger
and one large joint bilaterally. Variation in prevalence
among various reports is related to the examination tech-
nique, criteria, age of the patients, and duration of dia-
betes. In older adult patients, examination is confounded
by the presence of finger contracture related to age, oc-
cupation, and non-diabetes-associated problems such as
osteoarthritis. It may also be related to other conditions
involving the finger joints that are more common in dia-
betes, such as flexor tenosynovitis, carpal tunnel syn-
drome, and Dupuytren disease, which are conditions not
seen in pediatric patients. It is rare to see bilateral finger
contractures in children with diabetes that are not due to
LJM, except for the unusual bilateral trauma of the finger
or familial camptodactyly of the fifth fingers.

Changes begin in the metacarpophalangeal and prox-
imal interphalangeal joints of the fifth finger and extend
radially, with involvement of the distal interphalangeal
joints as well. Involvement of larger joints includes par-
ticularly the wrist and elbow, but also ankles and the cer-
vical and thoracolumbar spine. The limitation is painless
and only mildly disabling when severe. A simple exami-
nation method is to have the patient attempt to approxi-
mate palmar surfaces of the interphalangeal joints (Fig.
1). Passive examination is essential to confirm that in-
ability to do so is due to LJM. The examiner extends the
proximal interphalangeal and distal interphalangeal joints
(expected 180 degrees). There may be a sense of resis-
tance to the permitted movement. The metacarpophalan-
geal joints should extend to >60 degrees and the wrists
and elbows to >70 and >180 degrees, respectively. Cer-
vical spine lateral flexion should permit ear to shoulder
juxtaposition and thoracolumbar spine lateral flexion
should be to at least 35 degrees in young persons. Equiv-
ocal or unilateral findings are considered to reflect no lim-
itation (97). There is no associated muscle atrophy or ev-
idence of neuropathy. Involvement of the cervical spine
has been found to complicate endotracheal intubation for
anesthesia (98).

Diminished pulmonary capacity has also been docu-
mented, but it is uncertain whether this is the result of
decreased pulmonary compliance or limitation of the tho-
racic joints (99). Thick, tight, waxy skin, described in the
initial patients, was most prominent over the dorsum of
the hands and forearms and occurred in one-third of those
described later, but only in those who had more than mild
changes in the joints (96). Skin biopsy specimens have
shown active fibroblasts and extensive collagen polymer-
ization in the rough endoplasmic reticulum. There is a
predominance of large fibers that has been found in pa-
tients with diabetes whether or not they have had thick
skin; this is quite different from the bimodality of collagen
fiber sizes seen in scleroderma (100). Radiographic ex-
amination of the joints is normal, but there is periarticular
thickening that can be quantitated (101).
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Figure 1 Inability to approximate the palmar surfaces of
the fingers in a 14-year-old girl with diabetes for 7 years.

Attained age seems more important 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 interval between the detection of mild
LJM and progression to moderate or severe changes in
those who progress beyond mild changes ranges from a
few months to 4 years, following which stabilization oc-
curs (102).

The biochemical basis for LJM is likely to be gly-
cation of protein with the formation of advanced glycation
end-products (AGE). This results in increased stiffness of
the periarticular and skin collagen with decreased range
of motion. Increased accumulation of relatively insoluble
dermal collagen resistant to enzymatic digestion has long
been recognized as a characteristic of connective tissue
aging in both type 1 and type 2 diabetes (103). Fluores-
cence of skin collagen reflects the accumulation of stable
end-products of the glycation reaction, with increased
cross-linking, dehydration, and condensation of collagen.
Such fluorescence increases linearly with age but with ab-
normal rapidity in patients with type 1 diabetes, correlat-
ing with the presence of retinopathy, nephropathy, and
LJM (104).

As might be expected, the presence of LJM is asso-
ciated with increased risk for the development of micro-
vascular (MVC) disease. The initial report of the preva-
lence of LJM included seven patients with severe changes,
of whom five had clinically apparent retinopathy before
the age of 18 years (96). In a longitudinal study of 169
patients with diabetes duration >4.5 years, which was the
shortest duration at which complications were noted, LJM
was associated with an 83% risk for retinopathy, whereas
the absence of LJM was associated with a 25% risk after
16 years of diabetes (Fig. 2). The severity of microvas-
cular changes also corresponded with the severity of LJM
(97). In a later study of 311 patients aged 6–27 years
undergoing fluorescein angiographic examination, 43% of
those with LJM and >4 years duration of diabetes had
>10 microaneurysms compared to 15% without LJM
(105). In another large series, LJM was associated with a
4.3-fold relative risk of clinical neuropathy in those with
type 1 diabetes (106). Histopathological changes in renal
biopsy specimens from patients without clinically detect-
able nephropathy also correlate highly with LJM (107).

Although cross-sectional studies had shown no rela-
tionship to diabetes control as measured by HbA1c, a lon-
gitudinal study of average HbA1c from onset of diabetes
revealed a correlation between long-term metabolic con-
trol and the development of LJM. For every unit increase
in average HbA1c there was an approximately 46% in-
crease in the risk of developing LJM (108).

The impression that LJM had markedly decreased in
prevalence and severity since the initial recognition in the
1970s has been confirmed by a recent report comparing
subjects examined in 1998 using the same examination
methods in the same setting as those examined in 1976–
1978. Documented was a >fourfold reduction, from 31%
to 7%, in frequency of LJM over this 20 year period, with
a marked decrease in the proportion having moderate or
severe LJM (9% vs. 35%). This reduction in the preva-
lence and severity of LJM was considered to be most
likely the result of improved glucose control during this
era (109). 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 prevalence of LJM between the
two eras, suggesting that improved control from the first
years of childhood diabetes will reduce long-term com-
plication risks.

c. Skin. Necrobiosis lipoidica diabeticorum is a
rarely seen pretibial lesion characterized by round or oval
indurated plaques, with central atrophy and eventual ul-
ceration. Unless they become infected, the lesions are
painless. The relationship to diabetes control is uncertain,
but there is an association with smoking, proteinuria, and
retinopathy (110). Because these lesions do not heal well,
trauma should be avoided and infection vigorously
treated.
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Figure 2 Actuarial analysis of risk for development of microvascular complications with and without limited joint mobility,
based on longitudinal study of 169 patients with diabetes duration �4.5 years followed from before the development of LJM
or microvascular disease. (From Ref. 97.)

Lipoatrophy, seen as indentation or atrophy of the
subcutaneous tissue resulting from insulin injection, has
become uncommon with the generalized use of recombi-
nant-derived human insulin. It is presumed that the im-
purities in animal extract insulin or the foreign nature of
that insulin led to the problem. It was thought to be im-
mune mediated, frequently following dermatomes and oc-
curring 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 insulin, affecting
�3% of patients 1–19 years old in one study (111). Giv-
ing insulin injections around the edges of the atrophic area
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
(112). Unlike lipoatrophy, lipohypertrophy continues to be
frequent with improved insulin forms, present to some
degree in as many as half of patients under 20 years of
age (112). Both lipoatrophy and lipohypertrophy are as-
sociated with greater insulin antibody concentrations
(111). The cosmetic effect is problematic, but most im-
portant is the possibility of varying absorption of insulin
from areas of hypertrophy, resulting in erratic glycemic
control.

2. Cataracts
Cataracts occur rarely during recovery from ketoacido-
sis, typically in the newly diagnosed patient; they usually
disappear rapidly but may persist and require surgical
removal (113). In contrast to these sugar cataracts, sub-
capsular juvenile cataracts, associated with chronic hy-
perglycemia and caused by sorbitol accumulation, do not
regress and always require removal.

3. Growth Failure and Delayed
Sexual Maturation

Insulin has important influence on normal growth and de-
velopment, largely through effects on anabolism and the
growth hormone–insulin-like growth factor I (GH–IGF-
1) axis. Before the contemporary era of self blood glucose
monitoring and more physiological insulin administration,
modest growth retardation and delayed puberty were fre-
quently seen in the pediatric diabetes clinic. Nonetheless,
despite the generally nonphysiological traditional means
of treating diabetes, most children with diabetes did not
have serious growth or maturational delay problems. In
twin pairs discordant for diabetes, the development of di-
abetes before the onset of puberty was associated with
invariably shorter stature than that of the nonaffected twin
(114). More contemporary studies demonstrate normal
timing of puberty, with reduced growth and adult height
even with modern therapeutic regimens, although these
deviations are not substantial (115, 116).
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Analyzing the stature of 142 patients with diabetes
onset at least 2 years before puberty and with duration
longer than 3 years, which provided sufficient time for a
growth-inhibiting effect, Rosenbloom et al. in 1982 (117)
found that 37% of 68 patients without LJM were below
the 25th percentile of NCHS data. The 74 with LJM had
four times the proportion with stature below the 25th per-
centile for age (77%), with no difference between the 31
with mild changes (involving one or two interphalangeal
joints, one large joint, or only the metacarpophalangeal
joints bilaterally) and those with more severe limitation
(n = 43). When a similar group of children was examined
in 1998, using the same criteria, only 22% of the 157
without LJM were below the contemporary NCHS 25th
percentile and only 33% of the 18 with LJM were (118).
Thus, contemporary diabetes control methods were re-
sulting in improved growth along with the reduction in
frequency of LJM. It will be recalled that the initial pa-
tients described with severe LJM had growth failure and
delayed puberty (95, 96).

Insulin deficiency is associated with manifold
changes in the GH-IGF-I axis. Deficiency of portal insulin
delivery to the liver results in reduced circulating GH-
binding protein, the extracellular domain of the cell sur-
face receptor for GH, with GH resistance and diminished
IGF-I production (119, 120). The deficiency in insulin
also results in decreased production of IGF binding pro-
tein-3 (IGFBP-3), which is the principal binding protein
for circulating IGF-I, and increased production of IGFBP-
1 and IGFBP-2 (121). 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 resis-
tance, reflected in the lower concentrations of circulating
GHBP, there may be postreceptor defects in GH action
mediated by the insulin deficiency as well. Diminished
circulating total and free IGF-I levels are associated with
GH hypersecretion because of the absence of negative
feedback from IGF-I. This hypersomatotropism increases
glycemia and decreases insulin sensitivity, but is reversi-
ble with adequate insulin replacement (122).

Growth failure and maturational delay with hepato-
megaly and abdominal distention in insulin-treated chil-
dren was first described by Mauriac in 1930 (123). The
regression of hepatomegaly in 13 such patients, following
transfer from regular insulin to protamine zinc insulin,
was noted in 1936 (124). Hepatomegaly 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 hepato-
megaly, growth failure, delayed sexual maturation, and
severe uncontrollable diabetes with frequent hypoglyce-
mia and ketoacidosis (125). Improvement was associated
with the change to long-acting protamine zinc insulin.

There appear to be two forms of the Mauriac syn-
drome. In one form there is associated cushingoid obesity

and documented wide fluctuation between hyper- and hy-
poglycemia. This is suggestive of a pattern of over- and
underinsulinization, which would be expected with treat-
ment using only soluble insulin, with secondary hyper-
adrenalism. Periods of overinsulinization would appear to
be essential for the development of obesity in this form
of the syndrome, and for the induction of hyperadrenal-
ism. In addition to the Joslin series, an impressive North
American case was reported in 1962 of a 13.5-year-old
girl with extremes of blood glucose from 1 to 29 mmol/
l, hypertension, edema, hepatomegaly, marked growth
failure, sexual immaturity, cushingoid obesity, retarded
bone age, hyperlipidemia, and osteoporosis. When her in-
sulin dosage was reduced from 65 units a day (40 NPH/
25 soluble) to 20 NPH daily, she had complete clearing
of the abnormalities, catch-up growth, and sexual matu-
ration (126). More recent reports are of patients with Mau-
riac syndrome who are not obese and without a history
of alternating hypoglycemia and ketoacidosis; these pa-
tients are unmistakably inadequately insulinized continu-
ously (127–129).

Associated autoimmune problems that can result in
growth failure include hypothyroidism and celiac disease.
Approximately 20% of girls and 15% of boys with type
1 diabetes have evidence of autoimmune thyroid disease,
determined by the presence of thyroid autoantibodies
(130). Such autoantibodies should be tested for in all
youngsters with type 1 diabetes. Those with positive re-
sults should have an annual determination of thyroid-stim-
ulating hormone (TSH) level. Celiac disease has been de-
scribed in 5–8% of children with type 1 diabetes; tissue
transglutaminase antibodies should be sought in children
with growth failure without obvious cause, even in the
absence of diarrhea (131).

Eating disorders are more common in children with
diabetes than in the general population and should be con-
sidered in the assessment of any child who is not gaining
weight or growing normally. Adolescent girls with dia-
betes are 2.4 times more likely than those without diabetes
to have clinical 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 eat-
ing disorder than in those who did not (132).

4. Microvascular Complications

a. Pathogenesis. The hallmark of microvascular
disease is thickened capillary basement membrane with
alterations in membrane permeability and occlusion of
small blood vessels. Several theories explain these find-
ings.

Protein glycation. It has been well documented that
improved glycemic control is associated with decrease in
microvascular disease and its progression (84). This sug-
gests that excess glucose per se has deleterious effects on
tissues. Some of these effects appear to be through bind-
ing to collagen by posttranslational nonenzymatic means.
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The amidori glycation products undergo slow (nonenzy-
matic) chemical rearrangements to form irreversible AGE.
These AGE accumulate in the extracellular matrix and
vascular intracellular proteins to cause structural tissue al-
terations with progressive occlusion of blood vessels. This
glycation may alter the charge of the proteoglycan com-
ponent 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 increased basement membrane
thickening found in microvascular disease may be due to
this glycation process, with accumulation of proteins that
are not degradable. The nonenzymatic glycation of he-
moglobin 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 tran-
scription. This may explain the hyperglycemic memory
observed in the EDIC study 4 years after the conclusion
of the Diabetes Control and Complication Trials (DCCT).
Although the mean HbA1c levels 4 years after conclusion
of the DCCT were similar between the former intensive
and former conventional groups (8.38% vs 8.45%), the
rate of worsening of retinopathy by three steps or more
was lower in the former intensive therapy group than in
the former conventional group (84). The prevalence of
micro-albuminuria (defined below) was 13.6% for the for-
mer conventional treatment group compared to 8.1% in
the former intensive treatment group at study closeout;
9.9% of the former conventional group had albuminuria
at years 3 and 4 compared to only 1.3% of patients in the
former intensive group.

Polyol pathway. Sorbitol (glucose alcohol) is
formed enzymatically from glucose by the enzyme 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 myoinositol
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 vasocon-
strictive prostaglandins and decreased release of nitric ox-
ide that mediates endothelium relaxation. The overall ef-
fect of these metabolic abnormalities is decreased vessel
wall elasticity and microvascular hypertension (133).

Abnormalities in the coagulation system. Elevated
fibinogen levels and other antithrombotic factors may re-
sult in increased platelet stickiness. Increased prostaglan-
din metabolism increases coagulopathy, resulting in in-
creased red blood cell aggregation and blockage of small
capillaries (134).

b. Nephropathy. Micro-albuminuria, defined as
urinary albumin excretion rates of 20–200 �g/min or 30–
300 mg/24 h, is predictive of renal and cardiovascular

disease (135). Concentration above 300 mg/g is consid-
ered overt diabetic nephropathy. HbA1c levels, albumin
excretion rate, low-density lipoprotein cholesterol, and
body mass index were risk factors for the development of
micro-albuminuria in 12.6% of 1134 men and women
with type 1 diabetes aged 15–60 years during 7 years of
follow-up in the EURO DIAB Prospective Complications
Study (136).

The prevalence and progression of micro-albuminuria
and of clinical proteinuria were studied in 361 children
with type 1 diabetes over the course of 12 years, with the
conclusion that micro-albuminuria was rare before ado-
lescence. The incidence of micro-albuminuria, however,
increased between the ages of 10 and 18 years with 30.9%
of males and 40.4% of females having one or more epi-
sodes of micro-albuminuria (137).

A study of 101 normal albuminuric children and ad-
olescents with diabetes found that 11% developed per-
sistent micro-albuminuria during 8 years of follow-up.
The odds ratio for the occurrence of micro-albuminuria
with elevated vascular endothelial growth factor serum
levels was 4.1, indicating that persistently increased serum
levels of vascular endothelial growth factor may help to
identify patients who are predisposed to persistent albu-
minuria (138).

In Denmark, high HbA1c and high baseline albumin
excretion rates predicted the development of persistent al-
buminuria over 6 years in 12.8% of 339 children and ad-
olescents with type 1 diabetes (139). These results showed
a higher incidence than in a large American cross-sec-
tional survey of 702 children and adolescents with an av-
erage diabetes duration of 7.6 years. In this study, albumin
excretion rate �15 �g/min measured on at least two of
three urine collections was defined as micro-albuminuria,
which increased from 5.1% to 11.6% after 10 years of
diabetes duration and completion of puberty. Maternal hy-
pertension was a significant risk factor, but patients’ BP
was not, and HbA1c had a borderline effect (140). These
findings contrast with other studies in which there is
strong association between progression of micro-albu-
minuria and HbA1c values. A 4 year follow-up of 279
patients with type 1 diabetes found that the rate of pro-
gression was 1.3:100 person years in those with HbA1c
levels <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 >10%. The risk
of progression rose steeply between HbA1c values of 7.5
and 8.5%, emphasizing the importance of improved gly-
cemic control, especially of maintaining HbA1c values
below 8.5% (141).

The Pittsburgh Epidemiology of Diabetes Complica-
tions (EDC) study is an observational prospective study
of 589 patients with onset of type 1 diabetes before the
age of 17 years. Baseline low-density lipoprotein (LDL)
levels �130, triglycerides �150, systolic blood pressure
�130, and diastolic blood pressure �85 conferred relative
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risks of 2.2, 3.2, 2.3, and 2.5, respectively, for developing
nephropathy over 10 years (142).

Homocysteine elevation has been considered a risk
factor for premature cardiovascular disease. Young pa-
tients with type 1 diabetes diagnosed before the age of 12
years and with duration of disease longer than 7 years
who had albumin excretion rates >70 �g/min had elevated
homocysteine levels, indicating an association of diabetic
nephropathy with premature cardiovascular disease (143).

Annual testing of the urine for albumin is recom-
mended for children from puberty and with 3–5 years of
diabetes. The most convenient way to assess albuminuria
is with the urinary albumin/creatinine ratio obtained on a
spot urine sample. Micro-albuminuria in a single speci-
men may not indicate fixed disease. It is important to re-
peat the test on at least one other occasion in a random
urine sample. A timed 12 h or 24 h urine specimen is
preferable. It is also important to differentiate orthostatic
proteinuria from that due to diabetic renal disease. With
orthostatic proteinuria, a first void morning urine should
not contain abnormal concentration of albumin, whereas
a late afternoon urine often will.

The DCCT demonstrated that micro-albuminuria and
overt nephropathy can be delayed or prevented by inten-
sive diabetes treatment (84). However, the United King-
dom Prospective Diabetes Study (UKPDS) and other stud-
ies have shown that blood pressure control is as important
as glycemic control in prevention of nephropathy and in
decreasing the rate of decline of glomerular filtration rate
(GFR) in established disease (144). ACE inhibitors de-
crease albumin excretion rate in patients with hyperten-
sion as well as in nonhypertensive patients (145). Children
and adolescents with micro-albuminuria have higher
blood pressures than those with normal albuminuria
(146–150). Because of this increased risk for develop-
ment of nephropathy, it is essential to pay close attention
to maintaining blood pressure at normal or near normal
values.

The treatment of choice for nephropathy has been
ACE inhibition, which is effective whether or not the pa-
tient has hypertension. In addition to their antihyperten-
sive effects, ACE inhibitors increase afferent vessel di-
latation, thereby decreasing elevated intraglomerular
pressure, a hallmark of diabetic nephropathy. 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. Studies in adults have shown that pro-
tein restriction slows the rate of decline of glomerular fil-
tration rate (151). The albumin excretion rate has been
decreased in adults with micro-albuminuria with the low
protein diet (152). A low-protein diet of 0.8 g/kg body
weight may be helpful in decreasing albuminuria and
slowing the decline in renal function (153). Thus, high
protein intake should be avoided in children with micro-
albuminuria. Because of the importance of adequate die-
tary protein in the growing child, however, protein restric-
tion below 15% of total daily calories is not justified.

Adolescents should be counseled to avoid smoking:
nicotine has profound vasoconstrictive effects that have
been associated with progression of nephropathy in adults
with type 1 diabetes (154).

c. Retinopathy. Retinopathy is the most common
microvascular disease in children and adolescents with
type 1 diabetes. It is broadly defined to include back-
ground retinopathy, with the presence of microaneurysms
only or microaneurysms and occasional dot blot hemor-
rhages, and proliferative retinopathy, with growth of new
vessels, glia, and fibrous tissue. Fluorescein angiography
is used to document severity of retinopathy by showing
areas of retinal ischemia, proliferation of new blood ves-
sels, and permeability of the retinal vessels.

At diabetes diagnosis, there is increased blood flow
through the retina. Early on, poor metabolic control may
be associated with leakage of injected fluorescein in the
vitreous (155, 156), with reversal by improved metabolic
control. Anatomical disease begins as background non-
proliferative changes within the retina resulting from in-
creased vascular permeability and capillary and arteriolar
occlusion. The increased permeability results in edema
and the formation of hard exudates, whereas the occlusion
results in formation of microaneurysms, hemorrhages, soft
exudates, and capillary dropout. The growth of new blood
vessels, glia, and fibrous tissue 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 (105), it usually is not recognized
before 5–10 years’ duration. By that time, 20–30% of
patients will have background retinopathy, 30–50% after
10–15 years diabetes duration, and 70–80% after 15
years. The progression to blindness is not uniform and
varies between 20 and 55% in different series (157). Di-
abetes accounts for 10–20% of all cases of blindness in
adults (158).

The incidence of retinopathy in 764 patients >15
years of age in the EURO DIAB prospective complica-
tions study was 56% after 7 years of follow-up. Risk fac-
tors for development of retinopathy included albumin ex-
cretion rate, cholesterol, triglycerides, and waist-to-hip
ratio. In contrast to other studies, there was no association
between retinopathy and blood pressure, cardiovascular
disease, or smoking in this study (159).

In a cross-sectional study of 725 African–Americans
in New Jersey, 3% had macular edema and 20.6% had
retinal hard exudates. The severity of retinopathy corre-
lated with the presence of proteinuria, higher LDL cho-
lesterol levels, systolic hypertension, poor glycemic con-
trol, and longer duration of disease. Hyperglycemia was
strongly associated with retinopathy. Those patients whose
HbA1c values were in the highest quartile were 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
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likely to have proliferative retinopathy than those without
renal disease. Patients in the highest quartile of systolic
blood pressure were three times more likely to have pro-
liferative retinopathy than patients in the lowest quartile
(160, 161).

The Pittsburgh EDC found that systolic BP �120
mmHg conferred a relative risk (RR) of 1.6 for the de-
velopment of proliferative retinopathy and RR was 2.7 if
systolic BP �130; diastolic BP >79 mmHg conferred RR
of 1.8, if �85 RR was 2.4, and if �90 mmHg, the relative
risk of proliferative retinopathy was 4.6 in this population
(142). Thus, it is important to maintain blood pressure
near normal, because systolic blood pressures above 120
mmHg conferred increased risk of proliferative retinop-
athy.

Homocysteine concentrations, which, as noted above,
are elevated with cardiovascular disease, were higher in
adolescents with proliferative retinopathy, further indicat-
ing a link between presence of microvascular complica-
tions and later onset of macrovascular disease (143).

Because retinopathy is rare before puberty, it is rec-
ommended that children begin regular ophthalmological
evaluation at the age of 9–10 years and following 3–5
years of diabetes. Once criteria for ophthalmological eval-
uation have been met, all children with diabetes should
be evaluated by an ophthalmologist with serial fundus
photographs at annual intervals and photocoagulation per-
formed with the development of proliferative retinopathy.
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 ini-
tiation of such therapy (162, 163).

The use of retinal photocoagulation has markedly im-
proved the prognosis for vision in patients with prolifer-
ative retinopathy (164, 165). Although the mechanism of
action is uncertain, it is thought that the photocoagulation
destroys ischemic retinal tissue, thus removing the stim-
ulus for neovascularization. Laser therapy is also used for
macular edema by destroying leaking microaneurysms
and dilated capillaries. In cases of proliferative retinopa-
thy, panretinal photocoagulation 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 retinop-
athy. The panretinal photocoagulation has the adverse ef-
fects of compromising color discrimination, visual fields,
and night vision. In the case of vitreous hemorrhage or
detached retina, vitrectomy can be used to remove the
blood from the vitreous or to reattach a retina in the pro-
cess of detaching.

d. Neuropathy. Although symptomatic neuropathy
is uncommonly seen in children and adolescents with di-
abetes, findings of sensory and autonomic motor nerve
impairment can be demonstrated in young people. Periph-
eral neuropathy, including motor and sensory distur-
bances, as well as autonomic neuropathies, including gas-

trointestinal, cardiovascular, vasomotor instability, and
hypoglycemia unawareness, have been described in child-
hood and adolescence.

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 me-
tabolism of glucose to sorbitol. High glucose levels will
accelerate the synthesis of sorbitol, which is not freely
difusible. The sorbitol thus remains as an osmolar force
within the nerve, causing swelling and possible destruc-
tion. Myoinositol, a component of neuronal cell mem-
branes, and therefore involved in the control of neural
transmission, has been found to be decreased in animals
and humans with diabetes. In addition, the basement
membrane of the Schwann’s cell is thickened and the vasa
nervorum has capillary and arteriolar wall thickening by
basement membrane accumulation, as part of the gener-
alized microvascular disease of diabetes. Biopsy of af-
fected nerves has shown numerous thrombosed vessels,
axonal loss, and a characteristic segmental demyelination.

Peripheral neuropathy. Clinical symptoms of pe-
ripheral neuropathy include numbness and paresthesias,
especially pain and burning in the lower extremities,
which is much worse at night. Usually a decrease in vi-
bratory sense is the first clinical sign of neuropathy, fol-
lowed by loss of ankle jerks and later by loss of pin prick
sensation in a stocking distribution (166). These symp-
toms are commonly accompanied by anorexia with early
satiety and postprandial vomiting due to gastroparesis
from autonomic neuropathy. It is possible that undernu-
trition contributes to the neuropathy (167). The Pittsburgh
EDC study found that 3% of 65 children under 18 years
of age had neuropathy based on history and physical ex-
amination (168). Subclinical neuropathy, assessed by de-
creased motor nerve conduction velocities and sensory
changes, is much more common, however, occurring in
as many as 50–72% of adolescents (169). Neuropathy has
been correlated with hyperlipidemia and smoking (168)
and with LJM (106), but no relationship has been dem-
onstrated between the presence of motor or sensory nerve
conduction abnormalities and micro-albuminuria or reti-
nopathy (170, 171). A recent study of 339 patients who
were followed for 6 years found that neuropathy, deter-
mined by decreased vibration perception threshold, oc-
curred in 62.5% of patients. Risk markers were male gen-
der, age, and increased albumin excretion rate (140).

The Pittsburgh EDC study found the relative risk of
developing peripheral neuropathy to be 2.2 if LDL cho-
lesterol was >129 mg/dl and 1.5 if LDL cholesterol was
>99 mg/dl. Triglyceride levels >140 mg/dl likewise con-
ferred a 1.5 relative risk. Systolic blood pressure >130
mmHg was associated with a relative risk of 4.0 and di-
astolic blood pressure >85 mmHg with a 2.0 relative risk.
Glycemic control was not evaluated in this report (142).

Improved metabolic control may result in resolution
of sensory and motor nerve velocities as well as the sen-
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sory and gastrointestinal symptoms. The DCCT showed
that intensive diabetes therapy decreased clinical neurop-
athy by 60% (172). Peripheral motor and sensory nerve
conduction velocities were significantly faster after 5
years of intensive therapy than after conventional treat-
ment in the adolescent cohort (84).

Autonomic neuropathy. Autonomic neuropathy
most commonly results in gastroparesis, cardiovascular re-
flex loss, and hypoglycemic unawareness. Diabetic gas-
troparesis is associated with decreased gastric motility and
delayed emptying time. Affected patients often complain
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 gas-
troparesis with improved metabolic control (173, 174).
Diagnosis can be made using technetium-coated egg in a
gastric-emptying study. Use of metoclopramide or eryth-
romycin may result in increased motility with resolution
of symptoms. Diabetic diarrhea is watery, most frequent
at night or following meals, and can result in fecal incon-
tinence (175).

Autonomic neuropathy of the cardiovascular system
results in persistent tachycardia with a fixed heart rate in
response to standing, Valsalva maneuver, and inspiration.
Because of this, there is an inability to increase cardiac
output resulting in hypotension with standing or exercise,
and hypersensitivity to catecholamines. Patients with this
neuropathy will frequently have a lower blood pressure
when sitting or standing than when supine.

Loss of awareness of hypoglycemia is the loss of the
catecholamine-induced symptoms of sweating, tachycar-
dia, nausea, sense of fear, and tremulousness that normally
accompany severe drops in the blood glucose level.

5. Macrovascular Disease and Hyperlipidemia
Diabetes mellitus is a strong risk factor for cardiovascular
disease, conferring a two- to fourfold increased risk (176–
178). Risk factors that independently increase cardiovas-
cular risk in people with diabetes include smoking, hy-
pertension, dyslipidemia (179), renal dysfunction (179),
and hyperglycemia (180–184). The Pathological Deter-
minants of Atherosclerosis in Youth (PDAY) study of
more than 3000 people who died between the ages of 15
and 34 evaluated risk factors for coronary heart disease
by correlating pathological findings of fatty streaks and
lipid-laden plaques to blood lipid values, smoking, hy-
pertension, and tendency towards diabetes. There was a
strong association of extent of disease with smoking, as
measured by serum thiocyanate concentrations. All the
aortas and about half of the right coronary arteries in the
15–19 year age group already had lesions. On average,
7% of the aortas and 12% of the right coronary arteries
had raised lesions or advanced lesions of atherosclerosis
at the young age of 15–19 years. The percentage of in-
timal surface involved with lesions in both the aorta and
right coronary artery was positively associated with very-

low-density lipoproteins (VLDL) and LDL cholesterol,
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
was associated with a 3% decrease in intimal surface in-
volvement. HbA1c concentration was associated with
more extensive and more advanced atherosclerosis in the
aorta and right coronary artery, primarily in people be-
tween the ages of 25 and 34 years of age. The prevalence
of raised lesions involving 5% or more of the intimal sur-
face was twice as great in both the aorta and right coro-
nary artery of people with hypertension throughout the
entire 15–34 year age span (185).

The Bogalusa heart study reported a study of 43 peo-
ple aged 2–39 years who died from accidents or homicide
and in whom premortem data were available. Half of the
children 2–15 years of age had fatty streak lesions in the
coronary arteries and 8% had fibrous plaques in their cor-
onary arteries. These atherosclerotic lesions correlated
with body mass index (BMI), systolic and diastolic blood
pressure, total and LDL cholesterol, and triglycerides
(186). It is thus important to address each of the risk fac-
tors for cardiovascular disease in order to decrease the risk
of cardiovascular disease early in children with type 1
diabetes because the atherosclerosic process is already
present in childhood. The increased cardiovascular risk in
type 1 diabetes may be due to a number of factors, in-
cluding endothelial dysfunction and increased arterial
stiffness (187), and loss of endothelial integrity. Cardio-
myopathy, consisting of interstitial fibrosis, has been de-
scribed in adults with type 1 diabetes but is rare in chil-
dren. The heart is subject to both microvascular disease,
with microaneurysms and thickened capillary basement
membrane, and macrovascular disease, with accelerated
atherosclerosis.

Recent studies have found higher levels of endo-
thelin-1 (an indicator of endothelial damage) in patients
with diabetes and hyperlipidemia than in controls; those
patients with diabetes who had vascular complications had
significantly higher endothelin-1 levels than did patients
without complications. The patients with diabetes com-
plications also had significantly higher apolipoprotein B
levels than did healthy controls. Patients without micro-
vascular or macrovascular disease had levels similar to
those of controls. Thus, it is possible that the susceptibility
to the development of atherosclerosis might be attributed
to the relationship between elevated lipid levels and endo-
thelin-1 (188).

The Heart Outcome Prevention Evaluation (HOPE)
study 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 cardiovascular risk
factor. Of the 3498 subjects in the latter category, micro-
albuminuria increased the relative risk of major cardio-
vascular events (relative risk 1.83), all-cause death (rela-
tive risk 2.09), and hospitalization for congestive heart
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failure (relative risk 3.23). Any degree of albuminuria was
a risk factor for cardiovascular disease, the risk increasing
with the albumin/creatinine ratio. The use of the ACE in-
hibitor ramipril resulted in significant risk reduction of
25% for myocardial infarction, 37% for cardiovascular
deaths, 33% for stroke, and 24% for all causes of mor-
tality. ACE inhibition also reduced the risk of overt ne-
phropathy by 22% and dialysis by 15%. Ramipril not only
works by decreasing blood pressure but it also has anti-
thrombotic effects, reducing collagen-induced platelet ag-
gregation by 18% and ADP-induced platelet aggregation
by 39% (189). In addition, ACE inhibitors have effects on
endothelium and fibrinolysis that are beneficial in pre-
venting plaque rupture and subsequent thrombosis, which
are two key events in the acute formation and progression
of atherosclerotic disease (190).

Similar to the findings of the UKPDS in adults with
type 2 diabetes, the Pittsburgh EDC found a strong cor-
relation between lipid levels and risk of cardiovascular
disease in their 10 year study of patients with diabetes
diagnosis in adolescence or earlier. They showed a relative
risk of 2.3 for LDL cholesterol levels �130 mg/dl, and a
relative risk of 1.8 for patients whose LDL levels were
�100 mg/dl compared to those whose levels are lower.
Triglycerides also conferred risk for cardiovascular dis-
ease with the relative risk being 2.5 for triglyceride levels
�90 mg/dl and 3.3 if the levels were �150 mg/dl. Sys-
tolic blood pressure conferred additional risk with levels
of �110 mmHg conferring a relative risk of 1.8, 120–
129 mmHg, 2.5, and �130 mmHg 5.6. Any diastolic
blood pressure >80 conferred additional risks but the rel-
ative risk was extremely high, 4.2, with diastolic blood
pressures �90 (142).

The recommended treatment for adults with diabetes
is to intervene when LDL cholesterol is >100 mg/dl and
triglycerides >140 mg/dl. The data indicating that fatty
streaks and atherosclerotic plaques are present during
childhood indicate that the process begins early and,
therefore, intervention should also begin early. Initial ef-
forts at improving metabolic control with recommenda-
tions for diet and exercise should be initiated when lipid
levels exceed target. If, after 3 months, fasting lipid pro-
files are not decreasing, pharmacological therapy should
be considered. In our practice we have used HMG Co-A
inhibitors (statins) with good success and few adverse re-
actions.

Triglycerides, too, should be vigorously treated. In
some patients optimal blood glucose levels will not be
achieved despite intensive attempts to maximize glycemic
control, resulting in isolated hypertriglyceridemia. In
those instances, agents targeted at lowering triglyceride
levels, such as gemfibrizol, should be considered.

6. 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 (191). The Hy-
pertension Optimal Therapy (HOT) study compared the
outcomes of maintaining diastolic blood pressure to goals
of �90 mmHg, �85 mmHg, or �80 mmHg. In the
15,001 patients with diabetes mellitus at baseline, the rate
of major cardiovascular events, defined as myocardial in-
farction, stroke, or death due to any cardiovascular event,
revealed that the group randomized to maintain a diastolic
blood pressure �80 mmHg had half the risk of major
cardiovascular events compared to the group randomized
to a blood pressure �90 mmHg. This differs from the
results seen in the group without diabetes, in which the
risk reduction was only 10% for the lower compared to
the higher blood pressure readings (192), indicating that
diabetes conferred an additional risk for cardiovascular
disease.

These studies have led to the recommendations that
hypertension should be treated to maintain a blood pres-
sure of 130/80 mmHg or less and, as albumin excretion
rate is an additional risk factor for cardiovascular disease
(>20 mg/min, 30 mg/day, or 30 mg/g creatinine), blood
pressure should be treated to a level of 120/75 mmHg or
below in those with elevated albumin excretion rates
(193).

IV. TYPE 2 DIABETES

A. Epidemiology

The definitions of incidence, prevalence, frequency, and
epidemic have been provided in the preceding section on
epidemiology of type 1 diabetes. Beginning around 1990,
pediatric endocrinologists, who had been aware for dec-
ades of a small proportion of their diabetes patients having
type 2 disease (194), noticed a sharp increase in the num-
bers of such patients (195). This was predominantly, but
not exclusively, in the African–American and Hispanic–
American population, and Native American youth were
reported to have a 1% prevalence of type 2 diabetes as
early as 1979 (196).

There seems little argument that type 2 diabetes in
children and adolescents has become an epidemic. The
first recognition of a substantial prevalence was among
Pima Indian 15–24-year-olds, 9:1000 (0.9%) having di-
abetes associated with obesity and long-term complica-
tions (196). This was in a population in which 50% of
adults have type 2 diabetes. Half of these youngsters had
ketoacidosis. By the 1990s, 5% of 15–19-year-olds and
2.2% of 10–14-year-olds (previously 0%) had type 2 di-
abetes (197). Among First Nations children and youth in
Canada, the frequency of type 2 diabetes is comparable
to that of type 1 diabetes in the white population (198).

A study in Cincinnati reviewed 1027 consecutive
records of children 0–19 years old diagnosed with dia-
betes and found that the proportion diagnosed as having
type 2 increased from 2–4% between 1982 and 1992, to
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16% in 1994 (199). It is interesting that this percentage
was stable for over 20 years, Knowles having reported
that approximately 3.5% of patients in this clinic had type
2 disease in 1971 (194). Thirty-three percent of those in
the 10–19 year age group newly diagnosed in 1994 had
type 2 disease. The estimated age-specific incidence for
the community was 7.2:100,000, which is approximately
half the incidence rate for type 1 diabetes in childhood,
and a 10-fold increase from 1982 (30). In this study and
also in a study from Arkansas, African–Americans ac-
counted for 70–75% of the individuals with type 2 dia-
betes (200). It is estimated that one-third of Mexican–
Americans with diabetes in southern California and over
two-thirds of those in south Texas have type 2 disease
(201, 202).

In Native North Americans four to six times as many
females as males are affected, but among African–Amer-
ican and Mexican–American groups with type 2 diabetes,
sex ratio has been far less skewed. It varies from 1.7 fe-
males for every male among African–Americans to nearly
1:1 among Mexican–Americans (203).

A study of 682 5–19-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 type 2 disease. While 47% of
type 1 patients were female, 63% of type 2 patients were.
In contrast to the studies from Arkansas and Cincinnati,
African–Americans were only 46% of those with type 2
diabetes while 22% were Hispanic, and the rest non-His-
panic whites. The risk for type 2 diabetes 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 type 2 disease, whereas in
the last year of the study 19% were thus classified. This
indicates a twofold increase in the proportion of new di-
abetes patients in this age group having type 2 disease
over the relatively brief period of 5 years (28).

The recognition of an epidemic of type 2 diabetes is
not unique to North America. Libyan Arabs are reported
to have an age-specific incidence for the 15–19-year-old
group of 6:100,000, increasing to 26:100,000 for the 20–
24 year age group. Overall, this represents greater than
twice the incidence for type 1 diabetes in males and over
four times the incidence of type 1 diabetes in females
(204). Among Hong Kong Chinese, type 2 diabetes ac-
counts for >90% of young-onset diabetes and is strongly
familial and associated with obesity (205). As with the
Chinese, the Japanese have a very low incidence of type
1 diabetes. Annual urine testing for glucose of school-
children in the Tokyo area has been carried out since
1975, followed by oral glucose tolerance testing for those
with glucosuria. In the 12–15 year age group, there has
been a doubling of incidence of type 2 diabetes from 7.2
to 13.9:100,000 paralleling increasing obesity rates (206).
Other reports indicate that obese youth who are Bangla-

deshi (207), Australian aborigines (208), New Zealand
Maoris (209), or East Indians or Arabs living in the United
Kingdom (210) are also being observed with type 2 dia-
betes. Five obese adolescents aged 13–15 years with type
2 diabetes are the first white youngsters reported from
England, and this problem is expected to be more prev-
alent with the epidemic of childhood obesity in that coun-
try (211).

A constant in the emergence of type 2 diabetes in
young patients has been the association with obesity and
increasing rates of that seminal condition. The U.S. Na-
tional Health and Nutrition Examination Survey con-
ducted between 1988 and 1994 found that 20% of children
12–17 years of age had BMIs above the 85th percentile
for age (the definition of overweight), and that, depending
on ethnicity, 8–17% were obese with a BMI >95th per-
centile. Not only was there a doubling of the frequency
of childhood obesity since 1980 but the severity of obesity
was also greater (212).

In a 20-year biracial community-based study in Lou-
isiana (the Bogalusa heart study) of 11,564 5–24-year-
olds from 1973 to 1994, there was a mean weight increase
of 0.2 kg/year along with increased skinfold thickness.
Overweight as defined above increased from 15 to 30%,
and obesity from 5 to 11% in 5–14-year-olds and in-
creased 5–15% in 15–17-year-olds. The increases in the
second 10 years of the study were 50% greater than those
in the first 10 years (213). In the National Longitudinal
Survey of Youth, a prospective cohort study of 8270 chil-
dren aged 4–12 years, there was a significant increase in
overweight and obesity between 1986 and 1998. The
prevalence rates in 1998 for overweight were 38% for
African–Americans and Hispanics, and 26% for whites,
while 22% of African–Americans and Hispanics and 12%
of whites were obese (214).

The epidemic of obesity is also international. Similar
trends to those in the United States have been reported
for Japan (206) and the United Kingdom (215). In Russia,
6% of �7000 6–18-year-olds examined in 1992 were
obese and 10% were overweight, using US BMI reference
data (216). In China, 3.6% of �3000 6–18-year-olds ex-
amined in 1993 were obese and another 3.4% overweight
(216). In 1996, in the United Kingdom, 22% of 6-year-
olds were overweight, and 10% were obese; by age 15,
31% were overweight and 17% obese. Numerous studies
in Europe have indicated that the highest rates of child-
hood obesity occur in Eastern European countries, partic-
ularly Hungary, and in the southern European countries
of Italy, Spain, and Greece (217).

B. Etiology

The recent increase in type 2 diabetes prevalence in young
patients has been so rapid that it must be explained by
changes in the environment, most obviously increasing
obesity rates (218, 219). Nonetheless, not all or even a
majority of obese youngsters develop type 2 diabetes, em-
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Figure 3 Development of type 2 diabetes. (Adapted from Ref. 229.)

phasizing the importance of genetic factors. The thrifty
genotype hypothesis, advanced nearly 40 years ago and
recently updated (220, 221), explains the insulin resis-
tance and relative beta-cell insufficiency associated with
the development of obesity and type 2 diabetes as an ad-
aptation for conserving energy and surviving famine. Un-
til the modern era of continuous feasting, such a genotype
would have had great survival advantage.

Numerous studies have demonstrated either insulin
resistance preceding the development of type 2 diabetes
or that limited pancreatic beta-cell capability to respond
to the increased insulin requirements associated with obe-
sity is the basic lesion (222–228).

Insulin resistance can be defined as the impaired abil-
ity to respond to physiological effects of insulin on glu-
cose, lipid, and protein metabolism. Normal glycemic
control requires the sensing of glucose concentration by
the beta cells, the synthesis and release of insulin, binding
of insulin to its receptors, and postreceptor insulin acti-
vation. This results in increased glucose uptake by mus-
cles, fat, and liver tissue with decreased glucose produc-
tion by the liver. In type 2 diabetes, there is peripheral
insulin resistance in muscle and fat tissue, together with
decreased pancreatic insulin secretion, and increased he-
patic glucose output (Fig. 3). Note that both insulin resis-
tance and impaired beta-cell function are required for the
development of type 2 diabetes in this model (229).

1. Role of Fetal and Childhood Nutrition
The association of lower birth weight, smaller head cir-
cumference, and thinness at birth with impaired glucose
tolerance or type 2 diabetes and insulin resistance in adults
has suggested in utero programming that limited �-cell
capacity and induced insulin resistance in peripheral tis-
sues (230, 231). The maternal undernutrition that led to
low birth weight was thought to impair development of
the endocrine pancreas. The effect of fetal undernutrition
on adult glucose tolerance has been confirmed in large

studies in Sweden and the United States (232, 233). Glu-
cose intolerance was also found in adults who were the
offspring of mothers who had starved during the last tri-
mester of pregnancy during the Dutch famine of World
War II (234).

Low birth weight has also been associated with in-
creased cortisol axis activity in adults. South African non-
obese 20-year-olds who had been underweight for gesta-
tional age had greater plasma cortisol response to
adrenocorticotropin (ACTH), higher blood pressure, and
impaired glucose tolerance compared to normal-birth-
weight controls (235).

Three studies of young subjects from high-risk pop-
ulations are consistent with reports of the effect of fetal
nutrition on the risk for insulin resistance syndrome (type
2 diabetes, hypertension, hyperlipidemia) in adulthood.
Current weight correlated with birth weight among 3061
Pima Indians aged 5–29 years, and 2 h glucose concen-
trations had a U-shaped relationship with birth weight in
those >10 years old, regardless of current weight. Thus,
higher blood glucose levels occurred in those with greater
than normal and less than normal birth weight, unrelated
to their current weight. The 2272 subjects without dia-
betes had negative correlations between birth weight and
insulin concentrations at baseline and at 2 h, and insulin
resistance. These findings supported the hypothesis of a
survival advantage for insulin resistance in low-birth-
weight babies (236).

In a study of 477 8-year-old Indian children, insulin
resistance variables and plasma total and LDL cholesterol
concentrations were strongly related to current weight.
Lower birth weight was associated with elevated systolic
BP, fasting plasma insulin and 32–33 split proinsulin con-
centrations, plasma lipids, glucose and insulin concentra-
tions 30 min after glucose, and calculated insulin resis-
tance. Children who had low birth weight but high fat
mass at 8 years had the highest risk of insulin resistance
syndrome variables and hyperlipidemia (237). Low-birth-
weight white and African–American children (n = 139)
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were studied when they were aged 4–14 years. There
were significant differences between the two races in the
effect of low birth weight on visceral fat mass as mea-
sured by DEXA and CT, fasting insulin, acute insulin re-
sponse and beta cell function, and HDL cholesterol con-
centrations, indicative of the genetic differences suggested
by the thrifty genotype hypothesis (238).

The thrifty phenotype hypothesis has emerged from
these studies indicating an effect of fetal nutrition on later
glucose tolerance and other manifestations of insulin sen-
sitivity. This hypothesis states that poor nutrition in fetal
and early infant life would be detrimental to the develop-
ment and function of the �-cells and insulin-sensitive tis-
sues, primarily muscle, leading to insulin resistance. With
obesity in later life, type 2 diabetes would develop. These
findings could also be interpreted as a reflection of the
thrifty genotype: that defective insulin action in utero re-
sults in decreased fetal growth and obesity-induced im-
paired glucose tolerance in later childhood or adulthood
(26).

Genetic factors affecting birthweight and glucose me-
tabolism are of interest in this regard. The polymorphism
of the variable number of tandem repeats (VNTR) locus
of the insulin chain is associated with decreased body
length, weight, and head circumference at birth (239). De-
creased birthweight has been associated with heterozy-
gosity for a mutation in the glucokinase gene (240). Fi-
nally, the glucose transporter 4 (GLUT4) expression is
impaired in young adults with insulin resistance who were
undernourished in utero (241).

2. Maternal Diabetes
The influence of the diabetic intrauterine environment on
the risk of type 2 diabetes in children was first appreciated
from studies in the Pima Indian population. The preva-
lence of diabetes in the offspring of Pima women with
diabetes during pregnancy is significantly greater than in
nondiabetic mothers or those who develop diabetes after
delivery (242). In another population, fetal �-cell function
was assessed in 88 pregnancies with pregestational or ges-
tational diabetes by measuring amniotic fluid insulin
(AFI) concentration at 32–38 weeks’ gestation. The off-
spring had oral glucose tolerance testing done annually
from 18 months of age. Only 1 of 27 adolescents with
normal AFI had impaired glucose tolerance, in contrast to
one-third of those with elevated AFI (243). These studies
suggest a generation-to-generation accumulation of risk for
type 2 diabetes that further increases the public health con-
cern about the epidemic of this disease in young persons
(244).

3. Role of Puberty
In all reports of type 2 diabetes in childhood, the mean
age at diagnosis is �13.5 years, corresponding to the time
of peak adolescent growth and development (198–203).
Puberty is associated with relative insulin resistance, re-

flected in a two- to threefold increase in the peak insulin
response to oral or intravenous glucose (245). Insulin-me-
diated glucose disposal is a mean 30% lower in adoles-
cents than in prepubertal children or young adults (246).
The physiological insulin resistance of puberty is of no
consequence in the presence of adequate beta-cell func-
tion. The cause of this physiological resistance is likely
to be increased activity of the GH-IGF axis, which is tran-
sitory and coincides with the physiological insulin resis-
tance of adolescence (8).

4. Role of Obesity
The insulin resistance associated with obesity is the fun-
damental problem in type 2 diabetes in children and ad-
olescents, as it is in adults. Total obesity accounts for ap-
proximately 55% of the variance in insulin sensitivity
(246). That obese children have hyperinsulinism has been
known for over 30 years (247, 248). Obese children have
�40% lower insulin-stimulated glucose metabolism than
nonobese children (246). African–American 5–10-year-
olds, especially girls, have reduced insulin sensitivity in
proportion to increases in blood pressure, triglycerides,
subcutaneous fat, percentage of total body fat, and stage
of sexual maturation (249). The amount of visceral fat in
obese adolescents correlates directly with basal and glu-
cose-stimulated insulinemia and inversely with insulin
sensitivity (250). Insulin-stimulated glucose metabolism
and fasting insulinemia decrease with increasing BMI
(246).

Glucose tolerance testing was carried out in 720 Pima
Indians aged 10–39 years, including 325 who had been
exclusively bottlefed as infants, 144 who were exclusively
breastfed, and the rest who had been partially breastfed
for the first 2 months of life. Those exclusively breastfed
had significantly lower rates of type 2 diabetes than those
exclusively bottlefed for each age decade, with an odds
ratio for type 2 diabetes in exclusively breastfed individ-
uals of 0.41 (251). Prolonged breastfeeding has been
noted in a large study of nearly 10,000 5–6-year-old
German children to markedly reduce the risk of over-
weight; 3.8% of those exclusively breastfed for 2 months
were overweight vs. 0.8% of those breastfed for longer
than 12 months (252). Lower insulin responses occur in
breastfed versus bottlefed infants and breastfed infants
have lower energy and protein intake. Association has
been made between early high protein intake and later
obesity. Breastfeeding results in a more appropriate ca-
loric intake at a critical stage in development, whereas
bottlefeeding is more likely to be associated with over-
feeding and obesity. The typical overweight of the bottle-
fed infant may contribute to insulin resistance and obesity
in adolescence and young adulthood.

5. Polycystic Ovarian Syndrome and
Premature Adrenarche

There is increasing recognition of polycystic ovarian syn-
drome (PCOS) in the adolescent population (253). Girls
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with PCOS are reported to have �40% reduction in in-
sulin-stimulated glucose disposal compared to nonhyper-
androgenic control subjects (254, 255). Premature adren-
arche, which has been thought to be a benign condition,
is now recognized as a risk factor for ovarian hyperan-
drogenism and PCOS (256). Affected children are also
more likely to have been born small for gestational age,
indicating another aspect of the association of insulin re-
sistance and intrauterine undernutrition (257, 258).

6. Racial and Familial Influences
A racial difference in the insulin responses to various
stimuli parallels the ethnic/racial differential in type 2 di-
abetes frequency. Greater insulin responses to oral glucose
are seen in African–American (AA) children and adoles-
cents than in European–American (EA) children after ad-
justments are made for weight, age, ponderal (obesity)
index, and pubertal stage. This is indicative of compen-
sated insulin resistance in the AA youngsters (259, 260).
Both prepubertal and pubertal AA children have higher
fasting and stimulated insulin concentrations during glu-
cose clamp studies than do EA youngsters (261). Lipolysis
is also significantly less in AA children than in EA chil-
dren, suggesting an energy conservation phenotype that
would have survival value in times of famine but be det-
rimental with excess nutrition (thrifty genotype) (262).

Prepubertal children who have a family history of
type 2 diabetes have lower insulin-stimulated glucose dis-
posal and nonoxidative glucose disposal than do those
without such a family history, indicating that family his-
tory of type 2 diabetes is a risk factor for insulin resistance
in children, as in adults (263).

7. Genetic Considerations
The evidence that type 2 diabetes is a genetic disease in-
cludes the family clustering and segregation analyses that
indicate that siblings of affected individuals have 3.5
times the general population risk of developing type 2
diabetes; studies of monozygotic twins that indicate a con-
cordance of 80–100%, greater than twice the concordance
in dizygotic twins and in monozygotic twins for type 1
diabetes; and the previously noted variations in insulin
sensitivity and frequency of type 2 diabetes by ethnic or-
igin (264). With rare exceptions, type 2 diabetes in chil-
dren and adolescents, as in adults, is polygenic. The rare
monogenic (autosomal dominant and mitochondrial)
forms, however, provide insights for the study of typical
type 2 disease (265).

Autosomal dominant forms include MODY and
ADM. Molecular defects in 6 genes have been identified
in families with MODY, affecting hepatocyte nuclear fac-
tors, glucokinase, and insulin promoter factor-1. Over 200
different mutations have been described. A glucokinase
mutation has been identified in 1 of 10 ADM families
studied as well (9).

In mitochondrial forms, disease transmission is ex-
clusively from the mother because mitochondria are in-
herited via the cytoplasm of the ovum. The diabetes is
usually indistinguishable from typical type 2 diabetes. In
addition to the diabetes, affected individuals may also
have sensorineural hearing loss, cardiomyopathy, optic
neuropathy, myopathy, encephalopathy, lactic acidosis,
strokelike syndrome, or epilepsy (10–12).

The identification of type 2 diabetes susceptibility
genes involves choosing between two general approaches:
the candidate gene approach and the genome scan ap-
proach. In 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. In the genome scan
approach, the entire genome is examined for linkages
within families or associations within populations. In
these analyses, microsatellites are particularly useful and
microassays of mRNA are able to identify gene patterns
that are over- or underexpressed in specific disease states.
Figure 4 illustrates possible candidate genes in the beta
cell–target cell interaction.

More than 20 loci have been linked to or associated
with type 2 diabetes in adults, the most important being
NIDDM1, described among Mexican–American sibships
in Starr County Texas. This county, which is 97% Mexi-
can–American, has the highest disease-specific diabetes
mortality in Texas. The gene pool is 31% Native Ameri-
can. Some 474 autosomal markers and 16 X-linked mark-
ers were examined in 170 affected sibships involving 300
affected siblings and 78 unaffected siblings. Identified as
linked to type 2 diabetes was the NIDDM1 site on chro-
mosome 2, accounting for �30% of family clustering.
This was equal in importance, therefore, to the linkage
with HLA in type 1 diabetes (267). This linkage was not
identified in other populations, including non-Hispanic
white, Japanese, French, Sardinian, and Finnish (264).
The Calpain gene in the NIDDM1 region of chromosome
2 was subsequently found to be associated with type 2
diabetes in several of these populations, linked to different
loci (268).

Calpains are calcium-activated neutral proteases ubiq-
uitously expressed from fetal life through adulthood,
which function in signaling, proliferation, differentiation,
and insulin-induced downregulation of IRS-1. Multiple
polymorphisms of the gene encoding Calpain-10, encoded
by the CAPN10 gene within the NIDDM1 region, have
been found to be associated with type 2 diabetes. The
highest-risk combination of polymorphisms give odds ra-
tios of 2.8–3.6 in Mexican–Americans, 2.6 in Finns, and
5.0 in Germans (268). Nondiabetic Pima Indians who are
homozygous for a common polymorphism of CAPN10
have reduced insulin-mediated glucose turnover as the re-
sult of decreased glucose oxidation rates (269).

Figure 5 summarizes the factors that have been dis-
cussed in the development of type 2 diabetes.
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Figure 4 Beta-cell candidate genes in diabetes mellitus include GLUT2 (glucose transporter 2), which is responsible for the
facilitative uptake of glucose by beta-cells; glucokinase (GCK), which is the beta-cell glucose sensor; mitochondrial genes that
provide power to the beta cell (an increased ratio of ATP to ADP � Pi[(ATP)]/[(ADP) � (Pi)]; the ATP-sensitive potassium
(K�) channel (sulfonylurea receptor [SUR]); GLP-1 R (the beta-cell glucagen-like peptide-1 receptor) that responds to GLP
from the gastrointestinal tract; insulin; PCII (prohormone convertase II, an example of an insulin-processing protein); and
amylin, which is cosecreted with insulin. At the target cell (muscle, fat, or liver), candidate genes include the insulin receptor;
intracellular proteins that are phosphorylated (insulin receptor substrate-1 [IRS1]); GLUT1; hexokinase II, which catalyzes the
conversion of glucose to glucose-6-phosphate; glycogen synthase (GYS), which regulates glycogen production; and the regu-
latory subunit of phosphorylase (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. (From Ref. 266.)

C. Clinical Features

The most striking difference between type 1 and type 2
diabetes is that in type 2 diabetes hyperglycemia/diabetes
is one of many manifestations of the insulin resistance
syndrome (diabesity syndrome, syndrome X, or the met-
abolic syndrome) (see Fig. 6). Common type 1 diabetes
is, on the other hand, until the development of long-term
complications, a unitary hormone deficiency state (al-
though other autoimmune mediated deficiencies, such as
thyroid, may develop).

Insulin resistance is a pathogenic factor in the devel-

opment of a broad spectrum of clinical conditions. These
include hypertension, atherosclerosis, dyslipidemia, de-
creased fibrinolytic activity, impaired glucose tolerance
type 2 diabetes, acanthosis nigricans, hyperuricemia,
polycystic ovary disease, and obesity, which is the core
abnormality (270).

In addition to the metabolic effects related to insulin
resistance, obesity has deleterious associations in child-
hood and adolescence that increase morbidity and con-
tribute to cardiovascular risk. This increased risk has been
documented to be the result of the persistence of obesity
into adulthood, rather than specific effects during child-
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Figure 5 Factors in the development of type 2 diabetes.

Figure 6 Insulin resistance: associated conditions.
(Adapted from Consensus Development Conference of the
American Diabetes Association, Diabetes Care, 1997.)

hood (271, 272). Childhood obesity has been associated
with elevated C-reactive protein and white blood cell
counts, which are inflammatory indicators implicated in
adult cardiovascular disease (273), proteinuria and focal
segmental glomerular sclerosis (274), obstructive sleep
apnea and other respiratory problems (275), hepatic stea-
tosis (276), and orthopedic problems (275).

Lipoprotein abnormalities noted in type 2 diabetes
include hypertriglyceridemia, elevated VLDL, elevated
LDL-cholesterol, elevated lipoprotein (a), decreased high-
density lipoprotein (HDL) cholesterol, increased small
dense LDL particles, decreased lipoprotein lipase activity,
increased lipoprotein glycation, and increased lipoprotein
oxidation. The mechanism for this hyperlipidemia pattern
is as follows. Fat cells, which are sensitive to insulin, store
triglyceride and suppress hormone-sensitive lipase, the en-
zyme that breaks down triglycerides to release free fatty
acids. Insulin also provides glucose to the fat cells for
forming glycerol, the triglyceride backbone. With insulin
resistance, there is abnormal breakdown of triglyceride
and release of free fatty acids and glycerol, the latter con-
tributing to gluconeogenesis. The free fatty acids cause
insulin resistance in muscle tissue. 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 hyperinsu-
linemia of the insulin resistance state further drives the
synthesis of fatty acids from glucose in the liver (277).

In adults there is a strong association between the
level of hyperglycemia and risk factors for macrovascular
disease. Dyslipidemia is one of several factors that accel-
erate atherosclerosis in type 2 diabetes. Additional factors
described include oxidative stress, glycation of numerous
vascular proteins, defective endothelium-dependent vaso-
dilatation, and abnormalities of platelet function and co-
agulation (increased fibrinogen, increased plasminogen
activator inhibitor-1, decreased antithrombin III and other
anticoagulant and proteins, elevated factors VII and VIII,
elevated vascular adhesion molecule 1, increased platelet
adhesiveness and aggregation, decreased platelet nitric ox-
ide [NO] production [NO mediates vasodilatation], de-
creased platelet prostacyclin production, and glycation of
platelet proteins) (278).

Hypertension is estimated to account for 35–75% of
diabetes complications involving both the microvascula-
ture and macrovasculature (279). Diabetes or impaired
glucose tolerance doubles the risk of developing hyper-
tension (280). There is emerging evidence of a genetic
predisposition to hypertension and type 2 diabetes related
to the angiotensin-converting enzyme genotype (281). The
hypertension in type 2 diabetes is due to volume expan-
sion and increased vascular resistance, with reduced NO-
mediated vasodilatation and increased activity of the
renin–angiotensin system (278).

Acanthosis nigricans (AN) is an indicator of insulin
resistance, prominent in genetic insulin resistance syn-
dromes not associated with obesity. The frequency of AN
in obese adolescents varies greatly by ethnicity: �90% in
Native Americans, �50% in African–Americans, �15%
in Hispanic–Americans, and <5% in non-Hispanic whites.
As an indicator of hyperinsulinism, AN also varies by
ethnicity inversely to its frequency of association with
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obesity (282). In a study of 139 overweight 6–10-year-
olds, AN was present in 50% of African–Americans and
8.2% of whites. Half of those with fasting hyperinsu-
linemia did not have AN. AN was not considered a reli-
able marker for hyperinsulinemia in overweight children,
despite its presence in a child with diabetes being a di-
agnostic indicator of type 2 disease (283).

D. Prevention

The concept of prevention of type 2 diabetes arises nat-
urally from the appreciation of its environmental causa-
tion. Primary prevention would involve intervention to
prevent obesity or to correct obesity before the develop-
ment of other features of the insulin resistance syndrome.
Prevention of obesity is a societal challenge. From the
individual physician standpoint, the major question is,
‘‘Who should be tested?’’ (8). The importance of primary
prevention of obesity lies in the recognition that preclin-
ical impairment of glucose tolerance as the result of obe-
sity-induced insulin resistance conveys cardiovascular
risk; a substantial number of severely obese adolescents
have impaired glucose tolerance (284). Considerations of
testing for type 2 diabetes in children began with the as-
sumption that this will be done in obese individuals, mak-
ing the determination of obesity the screening test. The
testing for hyperglycemia then becomes a case-finding ex-
ercise (285). The justifications for case finding include:

1. That the condition tested for is sufficiently com-
mon to provide a reasonable yield

2. That the condition is serious in terms of morbid-
ity and mortality

3. That the condition has a prolonged latency with-
out symptoms during which abnormality can be
detected

4. That a test is available that is sensitive (few false-
negative results) and accurate with acceptable
specificity (a minimum number of false-positive
results)

5. That an intervention is available to prevent or
delay disease onset or more effectively treat the
condition if it is detected in the latency phase

The first three conditions are unquestionably met by
type 2 diabetes in children. The fourth criterion is met by
plasma glucose measurement, with sensitivity and speci-
ficity dependent upon the circumstances of measurement.
The last criterion, however, is extremely challenging, as
discussed below.

A consensus panel of the American Diabetes Asso-
ciation (8) has recommended criteria for testing children.
They should be overweight (BMI >85th percentile for age
and sex (Figs. 17 and 27 in Chapter 43), weight for height
>85th percentile, or weight >120% of ideal for height).
Additionally, they should have two other risk factors,
which were considered to be: family history of type 2
diabetes in first or second degree relatives; being of Amer-

ican Indian, African-American, Hispanic, or Asian/Pacific
Islander race/ethnicity; and signs of insulin resistance or
conditions associated with insulin resistance (acanthosis
nigricans, hypertension, dyslipidemia, PCOS). It was rec-
ommended that testing begin at age 10 or at the onset of
puberty if puberty occurs at a younger age and that repeat
testing be done every two years, with fasting plasma glu-
cose as the preferred test.

These criteria were not evidence based, which is why
the consensus panel provided the disclaimer that clinical
judgment should be used to test for diabetes in high-
risk patients who do not meet these criteria. One might
also take issue with the suggestion to use fasting plasma
glucose. This was considered preferable because of its
lower cost and greater convenience: 2 h plasma glucose
increases earlier in the course of the development of type
2 diabetes, making it a more sensitive measure. Fasting
hyperglycemia is an advanced stage of type 2 diabetes,
and therefore highly specific but relatively insensitive as
a testing method. Random plasma glucose concentration
can be measured in those who have taken food shortly
before testing, with a glucose concentration �7.8 mmol/
L (140 mg/dL) serving as an indication for further testing.

The need for primary prevention efforts in childhood
has been the subject of wide publicity for the past several
years, with recognition of the epidemic of obesity (286–
291). Obesity is associated with diminished school per-
formance due to sleep apnea, torpor associated with phys-
ical inactivity, and social stigmatization. Secondary
prevention of obesity is rarely successful beyond the short
term. Intervention in adult populations indicates the enor-
mous difficulty in altering lifestyle and dietary habits. The
challenge for the pediatrician and society is to counter
eating and entertainment trends that provide popular so-
cial outlets and are highly attractive, heavily promoted,
and readily available. Financially stressed school systems
often sabotage community efforts by providing fast food
concessions and soft drink and snack vending machines
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 noncompetitive
sports permitting participation of all youngsters, such as
aerobics and dance, and there has been a sharp reduction
in compulsory physical education programs. For some mi-
nority youngsters, there is the additional problem of a lack
of safe environments in which to be physically active, and
lack of funding for afterschool programs. Finally, school
curricula have not effectively incorporated healthy life-
style training.

A number of school-based and community-based pro-
grams have been developed targeting high-risk popula-
tions (290–295). School-based programs attempt to mod-
ify the food provided in school meals, incorporate healthy
lifestyle training into classroom education, and create a
school environment that promotes physical activity. Pre-



Diabetes in Child and Adolescent 635

school and kindergarten through sixth grade programs en-
courage family involvement; 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 longer-term studies are needed to determine whether
these changes persist and reduce the risk for type 2 dia-
betes.

Before the contemporary epidemic of type 2 diabetes,
we had noted the occasional obese African–American
teenager attending our diabetes adventure camp program
and rapidly becoming normoglycemic with vigorous ex-
ercise, permitting withdrawal of insulin. This phenomenon
has been documented in 1 week summer camp programs
for North American Indian youth with type 2 diabetes,
who are able to achieve normoglycemia after 5 days of
increased physical activity. Unfortunately, the behaviors
of camp are not maintained, and most of the youngsters
return to poor glycemic control at home (292, 296). Pro-
grams 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 (294, 297).

The health-care system is increasing its appreciation
of the magnitude of the obesity/type 2 diabetes problem.
All who have contact with at-risk families need to em-
phasize the importance of intervention. Parent training by
pediatricians, WIC and county health-department nurses,
and other health personnel should continue to promote
prolonged breastfeeding, which, in addition to its other
many benefits, reduces the risk of obesity in childhood
(251, 252). Parents also need to know that a fat baby is
not a more healthy baby: candy, potato chips, and other
foods with high caloric density and low nutritional value
should not be used as rewards. Because children with nor-
mal-weight parents have a much lower risk of overweight
(<7% vs. 40% with one overweight parent; and 80% with
two overweight parents) obesity prevention is important
for the whole family. It will not work for any one member
by himself or herself (298). Physical activity must also be
a family investment, with habits such as using stairs in-
stead of elevators or escalators, 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 (299). 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 tol-
erance or reduction in the rate of development of type 2
diabetes 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 (300–302). Among
the most sustained efforts was a 13 year project involving
six communities, The Minnesota Heart Health Program.

This included adult education classes for weight control,
exercise promotion, and cholesterol reduction; a worksite
weight control program; 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 (303). Intervention with chil-
dren, particularly preadolescents, should be more effec-
tive. In one study of family-based intervention involving
113 families, children had greater relative weight loss and
better maintenance than the adults with one-third of chil-
dren remaining nonobese after 10 years (304). In another
study involving 24 families, including children 8–12
years old, the intervention was a 10–12 session behavioral
modification. Two-thirds of the families completed the
treatment program and those children who completed it
lost weight. Weight loss was not maintained during 4–13
months of follow-up, however (298). Even modest suc-
cesses in the reported studies have to be interpreted with
caution, because these are selected study populations.

Diabetes prevention programs have to be designed
with an understanding of the health beliefs and behaviors
of the community. For example, American Indian youth
with family members who had diabetes did not relate the
complications of retinopathy or amputation to this prob-
lem in one study. Over half of the youth thought that
diabetes was caused by bad blood, and greater than one-
third attributed it to general weakness (305).

No medications are currently approved for the reduc-
tion of body weight in children. Medications that have
been effective in adults do not result in maintenance of
weight loss when the drugs are stopped. The only study
of medical intervention for obesity in adolescents has been
with metformin. Twenty-nine black and white adolescents
aged 12–19 years with BMI >30 kg/m2, with elevated
fasting insulin concentrations (>15 uU/ml), a family his-
tory of type 2 diabetes, and normal fasting glucose and
HbA1c were randomized to receive metformin 500 mg
twice daily or placebo for 6 months. Controls had an in-
crease 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 concentra-
tions and insulin levels in metformin-treated youngsters
compared with controls. Transient abdominal discomfort
or diarrhea occurred in 40% of those taking metformin
(306). In adults, lifestyle intervention was more effective
than metformin in preventing progression from impaired
glucose tolerance to type 2 diabetes (302).

There are limited data and no guidelines for surgical
treatment of obesity in children and adolescents. A report
in 1975 indicated a median weight loss of �25% 3 years
after gastric bypass or gastroplasty in 18 morbidly obese
adolescents (307). A report 5 years later of 30 patients
<20 years of age described average weight loss of 40 kg
after 3 years and 26 kg 5 years after gastric bypass or
gastroplasty. Major postoperative complications occurred
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in one-third and there was one postoperative death from
anastomosis leakage (308). In 2001, 1 year follow-up of
10 adolescents age 17 years or younger who had under-
gone gastric bypass surgery by newer techniques was re-
ported. There were no postoperative complications. Mor-
bidities from obesity resolved in seven, including sleep
apnea, hypertension, dyspnea, vertebral compression frac-
ture, and refusal to attend school. Nine of the youngsters
had >30 kg weight loss. Incisional hernia, gallstones, or
small bowel obstruction required surgery in four of the
individuals. Medical complications included mild iron de-
ficiency anemia and transient folate deficiency (309).

E. Treatment

1. Challenges
The treatment challenges of type 2 diabetes in children
and adolescents differ greatly from those of type 1 dia-
betes, due largely to the nature of the disease and those
most likely affected. While type 1 diabetes is distributed
throughout the population, type 2 diabetes disproportion-
ately affects families with fewer resources, paralleling the
distribution of obesity in the population. Whereas type 1
diabetes occurs throughout childhood, usually during the
time when parental influence predominates, type 2 dia-
betes affects mostly those in adolescence or beyond, when
peer influence is most important. There is also a large
difference in family experience, with only �5% of fam-
ilies with a child with type 1 diabetes having affected
family members; 90% or more of youth with type 2 dia-
betes have family experience. These family members have
typically failed to control their weight and glycemia, de-
veloping complications and creating an aura of despair
and futility. Treatment priorities are also different between
type 1 and type 2 diabetes. Extensive lifestyle modifica-
tion, beyond insulin administration and glucose monitor-
ing, is only required by those patients with type 1 disease
who are overweight and inactive. However, the emphasis
is on lifestyle modification in all those with type 2 dia-
betes and secondarily on glucose monitoring and hypo-
glycemic medication. Finally, technological innovation
has revolutionized management of type 1 diabetes with
improved insulin purity and delivery, self blood glucose
monitoring, and the development of insulin analogs, with
an artificial pancreas on the horizon and the likelihood
that there will be islet cell replacement.

Technological advances have, however, been the un-
derlying cause of the problem of type 2 diabetes, with
advances in home entertainment systems, labor-saving de-
vices, and transportation, and food preparation making ca-
lorically dense food increasingly available, desirable, and
inexpensive.

2. Treatment Goals
The goals of treatment are to promote weight loss, nor-
malize glycemia and HbA1c, control or prevent hyperten-

sion and hyperlipidemia, reduce acanthosis nigricans, and
increase exercise capability.

Treatment is more important 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
type 2 diabetes, young patients may already have evidence
of complications, reflecting a prolonged period of im-
paired glucose tolerance. Among 100 Pima Indian chil-
dren and adolescents with type 2 diabetes, 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% indicative of poor control,
60% had micro-albuminuria, and 17% had macro-albu-
minuria (albumin/creatinine �300) (310). Japanese inves-
tigators have described a high risk of renal failure in those
who develop diabetes under 30 years of age (311).

Reduction in the risk of complications may require
more stringent glycemic control in the insulin resistance
state of type 2 diabetes than is required in type 1 diabetes,
with diligent attention to comorbidities. In the UKPDS
there was a 25% decrease in the risk of microvascular
complications when the average HbA1c decreased from
7.9 to 7.0% (312). Reduction in BP to below 144/82 re-
sulted in a more dramatic decrease of 37% in the risk for
microvascular disease, 44% decrease in stroke occurrence,
and 36% decrease in heart failure (313).

3. Changing Behavior
The behavioral changes and motivation required are so
extensive that the treatment team requires a psychologist
or social worker. One of the simplest changes to make is
to eliminate the frequent consumption of high-calorie soft
drinks, sweetened tea, and juices, substituting water, diet
soft drinks, and artificial sweeteners for tea or Kool-Aid
(314). Daily exercise should be documented in an attempt
to break the vicious cycle of increased weight producing
increased torpor, resulting in decreased activity and in-
creased weight. As noted above, the most effective single
method for doing this is turning off the television. A rel-
atively small reduction in weight, accomplished by an in-
crease in activity, can restore euglycemia and decrease
hyperinsulinemia, as in the camp experience.

The stages of change are outlined in Table 5 (315).

4. Hypoglycemic Agents
Pharmacological therapy can decrease insulin resistance,
increase insulin secretion, slow postprandial glucose ab-
sorption, or, in the case of insulin injection, supplement
inadequate secretion of insulin (Table 6).

a. Biguanides. The biguanides act on insulin re-
ceptors in the liver to reduce hepatic glucose production
and in muscle and fat tissue to enhance insulin-stimulated
glucose uptake. They have an anorexic effect that can pro-
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Table 5 Stages of Change

Concept Definition Application

1. Precontemplation Unaware of problem; has no intention of changing in the
near future (next 6 months) and may deny need for
change. ‘‘Everyone in our family is big.’’

Increase awareness of need for change,
personalize information on risks,
benefits

2. Contemplation Thinking about change, in the near future; knows there is
an issue but is not ready to change; there may be
intent to change in the next 6 months. ‘‘I’ve heard that
some overweight kids are getting diabetes. But I don’t
think I can handle going on a diet.’’

Motivate, encourage to make specific
plans

3. Preparation Making a plan to change; knows what s/he wants to do;
is seeking more information, planning, even starting to
change; may tell family and friends; there is an intent
to change in the near future. ‘‘I found out that if I lose
some weight, this smudge on my neck will fade. I’ve
taked to my Mom about it . . .’’

Assist in developing concrete action
plans, setting gradual goals

4. Action Implementation of specific action plans; making changes
in the environment to support the change. Relapse is
normal. This stage may last as long as 6 months. ‘‘I’m
walking three times a week for half an hour. I’ve quit
drinking sodas . . .’’

Assist with feedback, problem solving,
social support, reinforcement

5. Maintenance Continuation of desirable actions; or repeating periodic
recommended step(s); may last 6 months to 5 years;
some add a sixth stage, termination; ‘‘I lost 10 pounds.
The smudge on my neck went away. I am going to
keep on walking and eating better.’’

Assist in coping, reminders, finding
alternatives, avoiding relapses (as
apply)

Table 6 Effects of Drug Action in Diabetes

Drug type Action
Effect

on BGa
Risk of
low BGa

Weight
increase

Lipid
decrease

Biguanides (metformin) ↓ Hepatic glucose output
↑ Hepatic insulin sensitivity

�� 0 0 �

Sulfonylureas ↑ Insulin secretion and sensitivity �� � � 0
Metiglinide

(repaglinide)
Short-term ↑ insulin secretion �� � � 0

Glucosidase inhibitors
(acarbose, miglitol)

Slow hydrolysis and absorption of
complex CH0

� 0 0 �

Thiazolidinediones
(rosi-, pioglitazone)

↑ Insulin sensitivity in muscle and
fat tissue

↓ Hepatic glucose output

�� 0 �/� �

Insulin ↓ Hepatic glucose output; over-
comes insulin resistance

��� � �� �

aBG = blood glucose.

mote weight loss. As noted above, metformin has also
been used for this purpose. It has also been used to reduce
acanthosis and ovarian hyperandrogenism. Long-term use
is associated with a 1–2% reduction in HbA1c, but a high
rate of side effects, including transient abdominal pain,
diarrhea, and nausea, limits compliance in adolescents
(316). Metformin must not be given to patients with renal

impairment or who have hepatic disease, cardiac or re-
spiratory insufficiency, or who are undergoing radiographic
contrast studies, because of the risk of lactic acidosis.

Metformin is the only oral hypoglycemic agent for
which there are available pediatric data. Eighty previously
untreated patients age 8–16 years were randomized to re-
ceive metformin or placebo in a multicenter study. Dosage
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began at 500 mg twice daily and increased to 2000 mg/
day over 2 weeks. Rescue criteria resulted in few placebo
cases remaining by 16 weeks of the study. At 4 months
or longer, the mean fasting glucose change from baseline
was a decrease of 44 mg/dl with metformin and an in-
crease 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 modest
decrease in some patients, and lipid profiles improved. No
serious adverse events were recorded (317).

When metformin is not being effective, it is important
to take an in-depth history of medication intake, including
refill history from the pharmacy, which may demonstrate
that the medication is not being taken. Metformin may
normalize ovulatory abnormalities in girls with PCOS or
ovarian hyperandrogenism, increasing their pregnancy
risk.

b. Sulfonylurea and Metiglinide/Repaglinide. This
group of drugs increases insulin secretion and is thus most
useful when there is residual beta-cell function. The sul-
fonylureas bind to specific receptors on the K�/ATP
channel complex, while metiglinide and repaglinide bind
to a separate site on the complex (Fig. 7). Activating ATP
or binding by these drugs causes K� channels to close,
with resultant membrane depolarization, allowing calcium
influx and insulin release. ATP-binding sites equilibrate
rapidly; sulfonylurea sites do so slowly with prolongation
of binding, which explains the sustained effects of tradi-
tional sulfonylureas. Metiglinide has an intermediate
equilibration and binding duration, explaining its use for
more rapid stimulation of insulin secretion and need for
premeal dosing (318). The major adverse effects of the
sulfonylureas have been hypoglycemia, which, as noted
above, can be prolonged, and weight gain, which is par-
ticularly troublesome for adolescent patients.

c. Glucosidase Inhibitors. Alpha-glucosidase in-
hibitors such as acarbose and miglitol reduce the absorp-
tion of carbohydrates in the upper small intestine by the
inhibition of oligosaccharide breakdown, delaying absorp-
tion in the lower small intestine. This results in reduction
in postprandial glycemia. Long-term use of glucosidase
inhibitors is associated with a reduction in HbA1c of 0.5–
1% (319). Flatulence associated with the use of these
agents makes them unacceptable to young patients.

d. Thiazolidinediones. These drugs act directly on
muscle, adipose tissue, and liver to increase insulin sen-
sitivity, and are, therefore, considered specific agents for
the manifold problems of the insulin sensitivity syndrome.
They bind to nuclear proteins, activating peroxisome pro-
liferator activator receptors (PPAR), which are orphan
steroid receptors particularly abundant in adipocytes, thus
increasing formation of proteins involved in the nuclear-
based actions of insulin. These include cell growth, adi-
pose cell differentiation, regulation of insulin receptor
activity, and glucose transport into cells. Long-term treat-
ment with thiazolidinediones has been associated with a

reduction in HbA1c of 0.5–1.3% (320). Side effects have
included edema, weight gain, and anemia. The original
member of this group of drugs, troglitazone, was associ-
ated with liver enzyme elevations in �1% of those taking
the drug, with mortality in some who had existing liver
problems. For these reasons it was withdrawn from the
market. The newer thiazolidinediones, rosiglitazone and
pioglitazone, have not been shown to have significant
hepatotoxicity.

The binding of thiazolidinediones to PPAR� receptors
is ubiquitous and includes arterial walls that contain mus-
cle, affecting the growth of muscle cells and their migra-
tion in response to growth factors (321). These drugs also
improve lipid profiles, decreasing LDL-cholesterol and
triglycerides, while increasing HDL-cholesterol. These ef-
fects on vascular muscle and lipids could be important for
the reduction of macrovascular disease associated with
type 2 diabetes (322).

Although studies are in progress, there is no pub-
lished data yet on the use of rosiglitazone and pioglitazone
in children.

e. Insulin. The development of type 2 diabetes is
an indicator of limited beta-cell function, estimated to be
�50% by the time of diagnosis in adults, most of whom
will be insulin-requiring by 6 or 7 years later (323). De-
spite the insulin resistance, relatively low dosages of sup-
plemental insulin (a few units) may be sufficient to main-
tain euglycemia. The newly available long-acting insulin
analog without peak effects, insulin glargine, may be es-
pecially useful for type 2 diabetes in combination with
premeal megilitinide, particularly in individuals unwilling
to take metformin. Hypoglycemia has not been a common
side effect of insulin in type 2 diabetes, but weight gain
is an important adverse effect. All patients with type 2
diabetes eventually require treatment with insulin because
of continuing loss of beta-cell function.

f. Treatment Recommendations. Treatment deci-
sions are based on symptoms, severity of hyperglycemia,
the presence or absence of ketosis/ketoacidosis (DKA), or
dehydration. Dehydration signs may be less obvious in
the obese. Symptomatic youngsters with type 2 diabetes,
in addition to frequently having ketoacidosis at onset, are
at particular risk for the hyperglycemic hyperosmolar state
(HHS) which carries a high mortality (324). Acute man-
agement of DKA is discussed in Chapter 27. A treatment
decision tree for outpatient management is given in Figure
8 (328).

Metformin should be the first oral agent used, because
it is associated with HbA1c reductions similar to those
resulting from use of sulfonylureas, without the risk of
hypoglycemia and without weight gain. Furthermore,
there may be greater effect on reducing LDL cholesterol
and triglyceride levels. If there is failure of monotherapy
using metformin over 3–6 months, sulfonylurea, metig-
linide, or insulin can be added. Thiazolidinediones may
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Figure 7 Insulin secretory control mechanism affected by sulfonylurea and metiglinide.

be used in older adolescents. Combination formulations
may result in better compliance.

It is important to counsel adolescents with type 2 di-
abetes about sexuality and pregnancy, and provide contra-
ceptive advice, as necessary. Metformin and thiazoli-
dinediones may restore normal periods (326), and none of
these oral agents should be used during pregnancy.

Although routine self-monitoring of blood glucose
may not be needed as frequently as with type 1 diabetes,
frequent monitoring is needed during periods of acute ill-
ness, during dosage adjustment, or with symptoms that
indicate hyper- or hypoglycemia. It is also necessary to
monitor for asymptomatic hypoglycemia in individuals
who are taking insulin or sulfonylureas. The frequency of
routine self-monitoring of blood glucose needs to be in-
dividualized, but should include a combination of fasting
and postprandial measurements.

Assessments of HbA1c concentration should be done
at least twice a year and, if metabolic control is unsatis-
factory and requires treatment adjustment, every 3
months. The involvement of a dietitian with skill in the
management of nutritional problems in children with di-
abetes is essential. Dietary recommendations need to be
culturally appropriate, sensitive to family style and re-
sources, and understood by all caregivers.

g. Treating Comorbidities. Hypertension is an in-
dependent risk factor for the development of albuminuria,
retinopathy, and cardiovascular disease in type 2 diabetes
in adults. Its importance is emphasized by the experience
of the UKPDS, in which hypertension control was more
important than blood glucose control in reducing the risk
of cardiovascular disease (313). Blood pressure should be
measured at diagnosis and at least quarterly and compared
to standards appropriate for age and height percentiles, as

noted in the tables in Chapter 38 (327). Elevations must
be treated aggressively if there is persistent elevation
above the usual percentile for the child or above the 90th
percentile for either systolic or diastolic pressure. Angio-
tensin-converting enzyme inhibitors (ACEI) are the initial
drug of choice. As with type 1 diabetes, many physicians
use ACEI prophylactically.

Lipid levels and urine albumin excretion should be
measured shortly after diagnosis and annually, or more
often if there is abnormality and if treatment effects need
monitoring. Exercise, weight loss, and glycemic control
may be sufficient to correct hyperlipidemia. Dietary rec-
ommendations should be for the reduced-fat diet consis-
tent with step 1 American Heart Association guidelines.
Lipid-lowering medications should be added if lipid levels
do not normalize after 2–3 months of dietary and diabetes
control efforts. HMG CoA reductase inhibitors (statins)
are the most commonly used lipid-lowering agents in chil-
dren; they are contraindicated in pregnancy or if there is
risk of pregnancy (328).

Unlike the recommendations for type 1 diabetes, in
which is recommended that regular monitoring for com-
plications not begin until adolescence and several years
of diabetes, monitoring lipids and urinary albumin excre-
tion, and examining the retina in those with type 2 dia-
betes, should begin at the time of diagnosis (8).

V. OTHER TYPES OF DIABETES

A. Cystic-Fibrosis-Related Diabetes

Cystic-fibrosis-related diabetes (CFRD) occurs in a sub-
stantial percentage of patients with CF and impaired glu-
cose tolerance can be seen in most adolescents, which is
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Figure 8 Treatment decision tree for outpatient management of type 2 diabetes.

the result of progressive pancreatic damage (329). Earlier
reports suggested a prevalence of 2.5–7.6% in North
America (330–332), but more recent reports indicate
prevalences of 10–15% for overt diabetes (333–337).
These rates continue to increase with the increase in lon-
gevity of patients with CF.

Pancreatic involvement beginning in utero progresses
throughout life (338, 339). It eventually results in im-
paired insulin secretion in the vast majority of CF patients
who have pancreatic exocrine deficiency, even in the pres-
ence of normal glucose tolerance (332, 340–343). The
development of CFRD is considered an indicator of de-
terioration in the clinical state (330, 344, 345). Decrease
in pulmonary function has been noted 2–4 years before
the onset of CFRD, with improvement with insulin ther-
apy (346). The course of CFRD is complicated by the
need for high caloric intake to counter malabsorption and
catabolism, the intermittent use of glucocorticoids, and re-

current infection. The diabetes has features of type 1 and
type 2 disease, with insulin dependency and resistance
(15, 335, 347, 348).

A recent report noted impaired glucose tolerance in
20% of 18 children with cystic fibrosis aged 9.5–15 years
who were studied for the relationship of insulin secretion,
IGF axis, and growth. However, impaired insulin secre-
tion was present in 65% and was related to poor linear
growth. It was considered that the increased demands for
insulin during the pubertal growth period could indicate
the need for treatment of growing children before the ap-
pearance of overt diabetes (349).

B. Infantile Diabetes

1. Transient Diabetes of the Newborn
This rare condition occurs from the first few hours to 6
weeks of life in small for gestational age infants who ap-
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pear hyperalert with marked subcutaneous wasting (350).
Onset is sudden, with severe dehydration in the absence
of vomiting or diarrhea. Histological appearance of the
pancreas has been reported as normal (351, 352), showing
decrease in islet cells (353, 354) or increased numbers of
islets (355). Approximately one-third of reported patients
have a family history of type 1 diabetes (350) and have
siblings who have been reported with transient diabetes
of the newborn (356–358). Insulin may be required for a
few days to a few months. Some infants may have per-
manent diabetes and a number have been reported to de-
velop diabetes 8–20 years later (359–363).

2. Pancreatic Dysgenesis/Agenesis
Infants with transient diabetes who subsequently develop
permanent diabetes (358–363) are thought to have dys-
genesis of the pancreas. In one of these patients, no evi-
dence of islet cell or other organ-specific autoimmunity
was detected (361).

Only a few patients with severe pancreatic dysgenesis
or agenesis have been reported, with permanent neonatal
diabetes. Some have not survived, particularly those with
associated anomalies such as gallbladder achalasia, dia-
phragmatic hernia, and cardiac defects (364, 365). Several
infants without associated anomalies have survived, in-
cluding siblings from our clinic, both with onset at 4
months of age, who are now in their mid-30s and have
long-term complications (366–368). Such patients have
exocrine and endocrine deficiency.
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I. INTRODUCTION

Three distinct aspects of diabetes management have oc-
cupied the minds of physicians and researchers for de-
cades: the control of the disease, its prevention, and its
cure. Simultaneous with significant advancements in the
control of the metabolic disturbances of diabetes and its
complications, immense efforts have recently been carried
out through large-scale clinical trials to find a strategy to
prevent the disease in susceptible individuals, and,
through arduous bench, animal, and clinical research, to
find a definitive cure. These latter two objectives have
been elusive, but as more people and resources are com-
mitted to this endeavor their attainment looks closer.

Since the first recognition of diabetes as a clinical
entity, utmost attention has been paid to its control. Initial
efforts were directed toward amelioration of the symptoms
of polyuria and polydipsia, which would lead to severe
cachectic states and eventually 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 before the discovery of insulin. This
therapeutic approach did not prevent death as an almost
immediate outcome of the disease and, surely enough,
contributed to the progression through the final stages of
the disease.

The discovery of insulin by Banting and Best in 1922
divided the history of diabetes in two. When injections of
pancreas extracts started to be used as management for
this disease, the expectations of the outcome changed
drastically. Survival beyond the first months after diag-
nosis was now possible, starvation was not necessary,
and patients could recover from their initial cachexia.
Progressive refinement by the pharmaceutical industry

lead to improved purification techniques, which helped to
circumvent initial problems with nonpurified pancreas ex-
tracts such as local and generalized reactions and immune-
mediated inactivation of insulin through antibody produc-
tion. Years of research and sophistication of molecular
engineering have lead to the production of human insulin
through recombinant DNA technology and the design of
insulin analogs with particular pharmacokinetic profiles
that allow extrarapid or retarded insulin action of injected
insulin.

II. METABOLIC DISTURBANCES AS
A CONSEQUENCE OF
INSULIN DEFICIENCY

The hormone insulin has pervasive effects on overall en-
ergy homeostasis. Although diabetes mellitus is usually
considered a disease of carbohydrate metabolism, in fact,
equally serious alterations are present in the area of lipid
and protein metabolism. The actions of insulin referable
to carbohydrate metabolism are multifold. Insulin pro-
motes the translocation of glucose from the intravascular
space to the intracellular space by activation of insulin
receptors that promote glucose transport. Intracellularly,
insulin promotes the utilization of glucose as a direct en-
ergy source, or storage of glucose as glycogen (primarily
in the liver, muscle and kidney), or converted into lipids
with accumulation within the cell via the lipid synthesis
pathway. Insulin also inhibits the release of glucose from
the liver, promoting hepatic glucose storage. The actions
of insulin on lipid metabolism include the transfer of so-
called excess dietary carbohydrate calories into the lipid
synthesis and storage pool and the inhibition of lipid mo-
bilization from adipose tissue stores. Insulin has both di-
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rect and indirect effects on protein metabolism. The in-
sulin molecule, apparently through specialized cell
membrane receptors, works in a coordinated fashion with
pituitary growth hormone to stimulate amino acid uptake
into cells and promote cell growth and multiplication. In-
sulin promotes glycolysis and inhibits gluconeogenesis in-
directly.

Insulin release is stimulated by dietary intake (glu-
cose, amino acids and, to a much lesser extent, fats and
ketones). The body energy metabolism is under the direct
control of insulin during the prandial and immediate post-
prandial periods, whereas it is probably under the control
of glucagon and epinephrine in the distal postprandial per-
iods, growth hormone and cortisol being added during in-
tervals of fasting. 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 glucose, amino acids, triglyceride,
cholesterol, ketone bodies, and a number of energy inter-
mediates such as lactate, pyruvate, and glycerol. The ex-
tremes of both hyper- and hypoglycemia are avoided, as
are significant variations in lipid and protein concentra-
tion.

The deficiency of insulin results in a reversal of all
these normal patterns. Hyperglycemia results as a conse-
quence of impaired peripheral glucose uptake and in-
creased hepatic glucose production, from an increased rate
of both glycogenolysis and gluconeogenesis.

Hyperlipidemia results from a marked increase in the
mobilization of preformed fat in adipose tissues, and ke-
tonuria results if this process continues unabated, without
intervention of insulin therapy. The concentration of sev-
eral counterregulatory hormones is increased, including
growth hormone, adrenocorticotropic hormone (cortico-
tropin), cortisol, glucagon, and, in extreme stress, the cat-
echolamines. Insulin deficiency and counterregulatory
hormone excess combine to complicate the metabolic pic-
ture further, exacerbating hyperglycemia, hyperlipidemia,
and ketogenesis. This leads to an increased rate of pro-
teolysis and gluconeogenesis, placing the individual in
negative nitrogen balance (1, 2). Acidosis, which is an
additional complicating factor, ensues as the result of di-
rect and indirect effect of insulin deficiency. Increased se-
rum ketone concentration is the main cause of acidosis in
insulin deficiency. Two additional sources of acidosis in
the individual with moderate to severe fluid deficit are
build-up of excretable organic acids resulting from de-
creased renal clearance and accumulation of lactic acid
resulting from anaerobic metabolism of peripheral tissues.

III. MANAGEMENT

We are currently in the midst of changes in the strategies,
techniques and objectives of diabetes management. There
are continual improvements in techniques used for short-

and intermediate-term assessment of metabolic control us-
ing capillary blood glucose monitoring and measurements
of glycosylated proteins, particularly glycosylated hemo-
globin, as well as attempts to standardize their laboratory
measurements. The widespread utilization of these moni-
toring techniques has provided the patient and the thera-
peutic team with quantitative means of assessing meta-
bolic status over time. There have been also advancements
in other areas, since the improvement in the purification
of pork insulin and the introduction of human insulin pro-
duced by DNA technology. More recently, beef insulin has
been taken off the US market and there is widespread use
of insulin analogs. The latter may allow much more pre-
cise tailoring of an individual patient’s insulin therapeutic
needs based on the individual’s lifestyle (3, 4). An im-
provement of insulin infusion devices, both external and
implanted, also provides the potential for more physiolog-
ical insulin delivery (5). Ultrasound-enhanced transdermal
delivery of insulin and oral insulin therapy is appearing
as a possible way to treat diabetic patients. Trials of in-
haled insulin are currently underway (6–10).

With these methodological advances has come an in-
creasing interest in attempting to normalize energy me-
tabolism, with the anticipation that this will eliminate or
reduce the serious vascular complications of diabetes.
This increasingly popular therapeutic movement has been
improperly referred to as intensive insulin therapy rather
than the more appropriate intensive diabetes therapy (11).
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 diabetes therapy also includes
the need for intensive blood glucose monitoring and close
attention to the patient’s dietary regimen. Successful ther-
apeutic management of the child and adolescent with di-
abetes mellitus requires a highly integrated four-pronged
approach: insulin administration, dietary management,
physical activity, and education and emotional support
(12–15).

IV. INSULIN THERAPY

A. Insulin Requirements

Initial insulin requirements 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 meta-
bolic control as measured by near-normal glycosylated he-
moglobin levels. This occurs in more than 65% of all
newly diagnosed patients during the first several weeks
after diagnosis, with the nadir in insulin requirement
reached on average between 12 and 16 weeks after di-
agnosis. During this period, insulin doses must be care-
fully adjusted downward to prevent hypoglycemia. In
some cases the evening dose can be entirely eliminated.
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This is particularly true in children under 6 years of age.
We believe that the duration of this remission period is
usually longer than experienced in the past and in some
cases may last longer than 2 years before increasing in-
sulin 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 Di-
abetes Control and Complications Trial (DCCT) (16).
Eventually, in all patients, insulin requirements begin to
climb after the nadir of remission and generally plateau
at about 0.8 units/kg/day in the preadolescent and some-
what above 1.0 units/kg/day in the adolescent. Pubertal
development is associated with increased insulin require-
ments secondary to insulin resistance induced by changes
in the hormonal millieu. It is not infrequent to find ado-
lescent patients who require 1.5–1.8 units/kg/day to main-
tain target hemoglobin A1c (HbA1c) levels (17).

B. Available Insulin Preparations and Insulin
Management Strategies

The last 20 years have witnessed major changes in all
aspects of insulin treatment. Improvement in manufactur-
ing techniques has resulted in a remarkably increased pu-
rity of commercially available insulin preparations. Mixed
beef and pork insulin, formerly the standard of therapy,
has been removed from the marketplace for the most part.
Highly purified pork insulin is currently available in some
but not all countries. Human insulins produced by recom-
binant DNA technologies are the most frequently avail-
able choices. New synthetic insulin analogs have been en-
gineered to provide either extra-rapid action or prolonged,
peakless pharmacokinetics.

Human insulin has been thought to have both theo-
retical and practical advantages and has been the insulin
of choice. Two issues have raised concern about this ap-
parently reasonable conclusion. Several investigators, par-
ticularly Europeans, have reported that severe hypogly-
cemia, usually without typical hypoglycemic symptoms,
is far more common in patients treated with human insulin
preparations. This suggests that there is something
uniquely different about the body’s response to human
insulin that increases the likelihood of hypoglycemia. The
controversy remains unresolved, with most studies not
supportive of a uniquely dangerous hypoglycemic poten-
tial for human insulin (18, 19). The second issue has to
do with the time course of human insulin. It relates to our
own experience and decision to prefer pork insulin, es-
pecially in children under 10 years of age. All the human
insulin preparations appear to have a quicker onset time
and a shorter duration of effect than the comparable pork
insulin preparations (20). Diabetes in very young children
can be controlled using a split-dose regimen of NPH in-
sulin plus lispro or regular insulin given before breakfast
and before the evening meal using pork NPH. When using
this schedule with human insulin, the shorter time course

of human NPH, particularly overnight, did not provide
adequate glucose control. Raising the dosage increased the
likelihood of nocturnal hypoglycemia. If a two injection/
day regimen is used, we recommend highly purified pork
NPH insulin, which provides better and more prolonged
coverage especially through the night. Insulin antibody
formation is the same whether pure pork or human insu-
lins are used. Although we still support the use of pork
insulin, we have recently faced the problem of decreased
availability of these preparations. For this reason and
where flexibility of schedule is needed, we recommend
using alternative insulin injection regimens that circum-
vent the problem of poor overnight coverage. One such
regimen involves the administration of human NPH in-
sulin before breakfast and before the bedtime snack. We
have found human ultralente insulin useful only in the
context of a four shot/day regimen when it can provide
basal coverage, but with significant variation in its effect.

The use in the near future of long-acting insulin an-
alogs may provide another strategy to avoid this problem,
as discussed below. A fast-acting insulin analog is also
given before breakfast and before dinner and, if necessary,
with a bedtime snack. Regular insulin was, until not too
long ago, the only fast-acting insulin available. The intro-
duction of insulin lispro, an extra-rapid acting insulin an-
alog, in the last decade has broadened the repertoire of
therapeutic options. Insulin lispro is synthetically pro-
duced by recombinant DNA technology, introducing a re-
versal of the natural occurring sequence of proline and
lysine in positions B-28 and B-29, respectively to LysB28,
ProB29. It is highly homologous with human insulin, yet
it does not self-associate into dimers as does human in-
sulin. The stabilized hexamer complexes of insulin lispro
immediately dissociate into monomeric subunits upon in-
jection into the subcutaneous tissue. This characteristic
confers on insulin lispro at least three differences com-
pared to human regular insulin: the action starts earlier
(10–15 min), the peak insulin concentration in plasma is
higher (more than double), and the duration of action is
shorter (less than 4 h). A similar pharmacokinetic profile
is found in insulin aspart, another analog also produced
by recombinant DNA technology substituting proline in
position B28 with Aspartate (21–23).

These rapid analogs provide a more precise action
profile at mealtimes. Our current practice in the treatment
of the great majority of school-age patients involves three
insulin shots: human or pork NPH plus insulin lispro be-
fore breakfast, insulin lispro before supper, and human or
pork NPH insulin before bedtime snack. Variations in this
basic regimen are designed depending on the need. They
include, but are not limited to, substitution of regular in-
sulin for insulin lispro; the use of an insulin injection (ei-
ther regular or lispro) before lunch or lispro before an
afternoon snack; and the use of fast-acting insulin in con-
junction with the bedtime dose of NPH insulin, depending
on the blood glucose and the size of the snack. Advan-
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tages of these short-acting analogs include lower post-
prandial blood glucose levels, less hypoglycemia, and thus
better hypoglycemia awareness and counterregulation in
response to low blood sugar levels. An additional advan-
tage in pediatric patients, especially infants, is that med-
ication can be given after eating due to these agents’ rapid
initiation of action. This allows dosing adjustments de-
pending on the food intake, which in infants is very fre-
quently unpredictable. More recently, long-acting insulin
analogs have been synthesized with the idea of providing
peakless basal insulin concentrations. Also produced by
recombinant DNA technology, these analogs are designed
to have a longer period of action by changing their iso-
electric point (i.e., insulin glargine) or by promoting their
binding to serum proteins such as albumin (fatty acid ac-
ylated insulins) (21).

Insulin glargine has already been approved by the
Food and Drug Administration (FDA) and became avail-
able a few months before completion of this chapter. Two
arginine molecules are added at the C-terminus of the B-
chain. With these two extra positive charges, the isoelec-
tric point changes and creates a molecule that is soluble
at a more acidic pH and less soluble at the physiological
pH of subcutaneous tissue. Another modification of the
molecule, a substitution of Asparagine in position 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. The acidity
of its formulation (pH 4.0) allows insulin glargine to re-
main soluble. Once injected in the subcutaneous tissue,
the solution is neutralized and forms microprecipitates
from which insulin glargine is slowly released, providing
virtually no peak concentrations and duration of action for
at least 24 h (24). Disadvantages of this type of insulin
include the fact that it cannot be mixed with any other
type of insulin. Therefore, two separate injections must be
given when the action of a rapid action insulin is needed
at the same time. The acidic pH of the preparation seems
to be responsible for a burning sensation at the injection
site for some patients. Large multicenter trials of the ef-
fectiveness of these newer analogs in the pediatric popu-
lation are soon to be initiated in the United States.

It should be possible in the near future to tailor the
individual patient’s insulin management carefully to his or
her 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. Pre-
mixed insulins, such as 70/30 or 75/25 H are used only
in patients with compliance problems because of the in-
ablity to adjust doses according to planned food intake,
meal plans, or ambient blood sugar levels.

C. Insulin Dosage Adjustments

By applying glucose goals derived from self-monitoring
of blood glucose, insulin adjustments are made as neces-
sary to attempt continually to bring the patient’s glucose

variation into the target range. Diet and exercise altera-
tions are also considered and applied as necessary. We use
a 10% rule for 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. However, a
maximum increase is 6 units (total insulin dose of 60
units). If the patient’s blood glucose levels are generally
high throughout, then the distribution of the increase fol-
lows the current distribution: usually two-thirds added to
the morning and one-third to the evening dosage. On the
other hand, if the patient is persistently out of range at a
particular time, for example before dinner, then the dose
modification applies only to the morning or lunch-time
insulin and the amount is determined by calculating 10%
of the morning dose. The distribution between NPH in-
sulin and regular insulin or insulin lispro depends upon
both the pre- and postprandial blood glucose levels. In the
asymptomatic patient, we prefer to make insulin adjust-
ments relatively slowly, after 3–5 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 acceptable blood glucose excursion. Most
patients are provided with insulin scales for their short-
acting insulin doses that can be used in anticipation of
planned activity, food intake, and to correct current hy-
perglycemia.

V. INTENSIVE DIABETES THERAPY

There has been a gradual movement toward intensification
of diabetes management, climaxed by the results of the
DCCT. The term ‘‘intensive insulin therapy’’ has unfor-
tunately become embedded in our terminology and to the
uninitiated may be interpreted to mean that overall dia-
betes management can be improved simply by increasing
the frequency of insulin administration. The proper mes-
sage, 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 man-
agement utilizing whatever resources are available or
something less. The concept of conventional vs. intensive
management must be set aside. We must undertake 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 metabolic
near-normality (25–28). Intensive diabetes therapy almost
always includes frequent insulin injections or continuous
insulin infusion.

A. Continuous Subcutaneous Insulin Therapy

In the early days of insulin pumps in the 1980s, we de-
veloped extensive pump experience with our adolescent
patients. Their initial metabolic response was gratifying in
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terms of decreasing glycosylated hemoglobin and blood
glucoses. As we evaluated these patients over time, how-
ever, 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. We essentially
discontinued pump use in our general clinic population
(29). More recently, however, advances in delivery sys-
tems 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 carefully selected patients who are either
very mature and have made a clear commitment to im-
proved health or have very dedicated families.

Determining patient eligibility for continuous subcu-
taneous insulin infusion (CSII) therapy has been a subject
of controversy. Among the factors involved are the age of
the patient, the degree of prior glycemic control and mul-
tiple psychological, familial, cultural, and socioeconomic
issues. The American Diabetes Association suggests four
basic conditions that should be met by the patient to in-
crease the chances of obtaining benefit from CSII: moti-
vation, willingness to work in conjunction with the health
care team, demonstrated understanding of the technical
aspects of correct use of the pump, and ability to obtain
and interpret data to make decisions regarding pump pro-
gramming (30, 31). Patient’s age and the degree of prior
glycemic control are major factors accounting for the het-
erogeneity of eligibility criteria for CSII in different cen-
ters. Some centers have been more liberal with the use of
insulin pumps in younger patients including young chil-
dren and even infants, while 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 responsi-
bility approaches 100% in the youngest patients, and
should decrease in the older ones, although at least a cer-
tain degree of supervision continues to be highly recom-
mended in the latter. Improvement of glycemic control
achieved by adolescent patients with the participation of
their parents or responsible adults decreases significantly
when these patients are left on their own (32). This most
probably reflects a decrease in the frequency of blood glu-
cose monitoring and/or failure to give premeal insulin bo-
luses. Poor judgment at the time of deciding on pump
programming and bolus calculation according to the blood
sugar level, the food to be eaten, and the amount of ex-
ercise predicted for the next minutes or hours would be
additional concerns in some adolescents managed through
CSII without parental involvement.

Our most recent experience with CSII (33) showed
that metabolic control improved in patients switched from
multiple daily insulin injections (MDI) to CSII as mani-

fested by a decrease of 0.5% of HbA1c at 3 and 6 months
after initiation. HbA1c levels at 9 and 12 months after
initiation of CSII were not significantly different from
baseline. A similar difference in Hb1Ac levels was ob-
served between patients managed with MDI and those re-
ceiving CSII during the same observation period, with
lower HbA1c levels in the latter. The patients who had
worsening of their diabetic control when switched to CSII
were older than the patients whose condition improved.
They also had higher baseline levels of HbA1c. We found
that the patients more likely to experience improved met-
abolic control are those with better control to begin with
than patients in poorer control who are older adolescents
and whose condition tends to worsen.

A beneficial effect of CSII found by us and others is
the reduction in the frequency of severe hypoglycemia.
We have not seen an increase in body weight in patients
managed with CSII, as would be expected according to
the results of DCCT. Despite the lack of improvement in
metabolic control in older adolescents with poorer control,
reduction in the frequency of DKA has been reported (34).

Approximately one-third of DCCT’s intensively man-
aged patients were using an insulin infusion device. The
general experience did not clearly document a benefit of
either pump or MDI therapy. Since then, uncontrolled
studies have suggested improved glycemic control and
less hypoglycemia in children and adolescents in CSII
(35), although similar results are not universally reported
(36). Our own experience suggests that CSII does not im-
prove glycemic control in those with high HbA1cs but
can improve quality of life. The biggest risk is exagger-
ated expectations of pump therapy.

VI. SOMOGYI EFFECT AND
DAWN PHENOMENON

A very common management problem is illustrated by the
child whose fasting blood glucose levels are consistently
elevated. The usual strategy is to increase the evening
NPH insulin until these levels are satisfactory. The com-
mon complication of this technique is that nocturnal hy-
poglycemia may be induced, leading to the Somogyi re-
action and rebound hyperglycemia the next morning. This
is particularly true with human insulin because of its
shorter duration time. This hypoglycemia is masked by
counterregulation or waning of insulin action. If fasting
glucose levels are high, with NPH given at bedtime the
addition of lispro at this time may be beneficial. In essen-
tially all patients, excluding some toddlers, a minimum
program of three injections per day program is needed.
This is due to the need to continue covering the post-
prandial glucose rise after dinner with regular insulin or
insulin lispro and administration of lispro as late as pos-
sible. This change has been frequently successful and sur-
prisingly well accepted by most patients and parents
(37, 38).
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Table 1 Historical Perspective on
Nutrition Recommendations

Year

Distribution of calories

% 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

aBased on nutritional assessment and treatment goals.
bLess than 10% from saturated fats.
Source: Ref. 38a.

Elevated plasma glucose concentrations in the morn-
ing (after 5 am), without preceding hypoglycemia char-
acterize the so-called dawn phenomenon. This occurs as
a result of increased insulin requirements in the early
morning, which could be related to either increased in-
sulin clearance or decreased insulin action. An early-
morning surge of growth hormone, one of the insulin-
counterregulatory hormones, has been hypothesized as a
causal factor. Whether 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 adoles-
cents remains to be demonstrated in larger-scale pediatric
trials. The once-popular concept of the Somogyi effect is
unlikely to explain early-morning hyperglycemia, al-
though counterregulation can account for past hypogly-
cemic euglycemia. Rebound hyperglycemia probably only
occurs after active food therapy of low blood sugar (al-
though this is not well reported in children).

VII. DIETARY MANAGEMENT

As stated above, the nutritional component is one of the
cornerstones of diabetes management. Recommendations
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 starvation diets. This was followed by
low-carbohydrate–high-fat diets and, most recently,
higher-carbohydrate–lower-fat diets (see Table 1). Our
own recommendations since the early 1970s have been
50–55% carbohydrate, 15–20% protein, and 30% fat with
limitation of saturated fat and cholesterol to <10%.

The design of nutritional strategies for the manage-
ment of diabetes must be based on the procurement of
basic goals, including the maintenance of near-normal
glucose and lipid levels; the delivery of 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 the prevention of nutrition-related
complications such as hypoglycemia, renal disease, car-
diovascular disease, hypertension, and autonomic neurop-
athy. Therefore, diabetic patients should have individually
designed meal plans based on their needs and goals, tak-
ing into consideration cultural, ethnic, and financial issues.
This clearly opposes the obsolete concept of a unique di-
abetic or American Diabetes Association diet. Further-
more, the term diet should be avoided, given its conno-
tation of imposed and punitive restriction.

The food plan for a diabetic child, as well as that of
any healthy child, should be balanced. It should contain
adequate amounts of carbohydrates, protein, fat, minerals,
vitamins, fiber, and water. Current recommendations sug-
gest that carbohydrates should provide 55–60% of the
total caloric intake; no more than 30% of the calories
should come from fat; and 10–20% should derive from
protein. It is evident from Table 1 that carbohydrate intake
has become less restricted according to recent recommen-
dations. Carbohydrates are mainly of two kinds: complex
carbohydrates, or starches; and simple sugars. Great em-
phasis has been given in the past to the avoidance of sim-
ple sugar intake in diabetic individuals. Although this con-
tinues to be true, the restriction need not be as severe as
originally proposed. Simple sugars naturally occurring in
fruits (fructose) and milk (galactose), for instance, should
be allowed in the meal plan. Fructose induces a smaller
rise in blood sugar than isocaloric amounts of sucrose or
other carbohydrates; however, it may induce an undesir-
able increase in serum cholesterol and low-density lipo-
protein (LDL) cholesterol. Therefore, its intake in diabetic
individuals should be moderate and its use as a sweetener
should be considered as not advantageous. Sucrose may
also be part 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 car-
bohydrate and not the source of carbohydrate. Less atten-
tion has been paid to patient factors that affect absorption
of the carbohydrate, such as the rapid absorption in the
liquid state or delay when eaten with fat or fiber.

Within the 30% of calories coming from fat, it is
accepted that less than 10% could come from saturated
fat, another 10% from polyunsaturated fat, and yet another
10% or more from monounsaturated fat. Because LDL
cholesterol is a major risk factor for both micro- and
macrovascular disease in patients with type 1 diabetes (39,
40), we advise that more attention be paid to the fat con-
tent of the diet. This is in addition to the importance of
the role of fat in influencing glycemic excursions after a
meal.

Limitations of protein content in the meals prior to
albuminuria have been recommended because of the det-
rimental effect of protein excesses in animals. Although
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this effect has not yet been proven in children and ado-
lescents, preventing protein overload to the kidneys ap-
pears to be prevalent.

Food exchange lists have been created to deal with
the heterogeneity of nutrient composition of different
foods, so as to provide some standardization when de-
signing a meal plan. These lists group certain foods to-
gether based on similarities in their composition. The car-
bohydrate group includes several lists: starch, fruit, milk
(skim, reduced fat, whole), other carbohydrates, and veg-
etables. The meat and meat substitute group also includes
several lists: very lean, lean, medium fat, and high fat.
The fat group includes lists of monounsaturated fats, poly-
unsaturated fats, and saturated fats. These lists are not a
dietary formulation per se. The meal plan should be in-
dividually tailored by a skilled dietician for each patient.
This can be made on the basis of the exchange lists to
help the patient understand better the rationale for the pre-
scription, and to make it easier when making decisions
about food choices and alternatives.

A balanced diet must provide adequate amounts and
proportions of all macronutrients and micronutrients. The
food exchange list system is a tool to help accomplish this
goal; however, tailoring insulin needs according to food
exchanges and vice versa is not a straightforward task.
Because more than 90% of the calories from carbohy-
drates end up as glucose (compared to far fewer of the
calories from protein and fat), carbohydrate is considered
the main dietary driver for blood glucose concentration.
Carbohydrate counting has been suggested as a means to
assist diabetic patients in designing their meal plan, es-
pecially when their glycemic control has proven inade-
quate through other ways of meal planning or no meal
planning at all. Such counting offers the possibility of
calculating, by a simple mathematical operation that in-
volves initial training and attainment of skills, the amount
of insulin that should be given to cover the predicted
blood glucose rise after a certain food is eaten. This ap-
proach has proven particularly useful to calculate insulin
boluses to cover meals in patients receiving insulin
through an infusion pump. However, it should not be lim-
ited to this mode of insulin delivery. In addition, when
teaching carbohydrate counting, the importance of stabi-
lizing the other meal constituents should not be forgotten.

VIII. EXERCISE AS A
THERAPEUTIC MODALITY

An increasing body of scientific data suggests, but does
not definitively prove, that physical fitness is beneficial
and highly desirable for the patient with diabetes mellitus
(41–45).

We have taken on faith that this is true and, conse-
quently, 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, consequently, glu-
cose uptake. Our clinical observations include the follow-
ing. Highly fit children and adolescents with diabetes usu-
ally require less insulin per level of metabolic control.
These individuals are generally in better metabolic control
than their relatively unfit diabetic peers. The physically fit
individual, particularly the competitive athlete, usually has
a better self-image and a better appreciation of the im-
portance of good diabetes management. Episodic exercise,
as opposed to regular exercise that leads to an improved
level of physical fitness, may be dangerous in terms of
both hypoglycemia or the induction of diabetic keto-
acidosis in very poorly controlled patients. Our long-term
diabetes complication studies indicate that persons who
participate in competitive athletics during high school and
college had a significant reduction in both diabetes-related
morbidity and mortality when evaluated 10–30 years
later.

Our recommendation to our patients is that they un-
dertake a daily exercise regimen (7 days per week) that
involves a fairly vigorous level of exercise for approxi-
mately 1 h each day. This is usually most easily achieved
by participating in competitive programs at school. If this
is neither possible nor desirable, other entirely satisfactory
exercise activities can be substituted: 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 adjustment in his
or her insulin dosage or diet. In general, we prefer 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 hypoglyce-
mia associated with exercise. The very poorly controlled
patient who desires to embark on an exercise program
should be encouraged to improve overall metabolic con-
trol by increasing insulin dosage beforehand.

IX. EDUCATION AND
EMOTIONAL SUPPORT

The importance of education as part of the integral man-
agement 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 ex-
perienced by parents in response to the new diagnosis in
their child may interfere with their understanding of basic
principles. For this reason a well-balanced combination of
emotional support and objective teaching is essential for
the success of the initial education process. Previous mis-
conceptions about diabetes that patients and their families
may have when they are first faced with this diagnosis
should be clearly addressed. When the child presents in
severe diabetic ketoacidosis, starting the education process
should be deferred until the parents see signs of recovery
and the child is able to participate in a teaching conver-
sation depending on his or her age. However, the diabetes
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Table 2 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.

Fewer trips for patient/family for medical facility.
Fewer difficulties in team member reimbursement.
Less reticence in early initiation of tight metabolic

control.
Disadvantages

Hospital stay increases general cost.
Less comfort for patient and family.
Removal of child from home environment.

Outpatient setting
Advantages

Change is reduced because hospital stay is avoided.
Family starts building self-confidence early in the

process.
Disadvantages

Needs well-mounted and coordinated infrastructure of
outpatient resources, including sufficient well-trained
personnel on 24 h call.

If families cannot commute from home, housing at no
cost to family must be available.

management team should be readily available to answer
questions from family members during this critical period,
to soothe their fears and to start building a nurturing re-
lationship. That opportunity can be used to explain in very
basic language the pathophysiology of DKA and the rea-
son for the clinical manifestations during the days prior
to the diagnosis and at presentation. This will help the
family to recognize later the signs of decompensation that
need to be avoided.

The education process may start immediately when
the newly diagnosed child does not present in DKA or
comes with a very mild DKA. Doing this initial education
when the child is an inpatient or an outpatient depends on
several considerations: resources available to the diabetes
management team, third-party reimbursement issues, and
patient-related issues. Several investigators have ad-
dressed the question of differences in the outcome when
comparing inpatient and outpatient education in the newly
diagnosed patient. Initial retrospective studies by Lee,
Chase, and Swift suggested that the patients who received
outpatient education at the time of diagnosis had lower
rate of hospital readmission for diabetes-related problems
than those who received inpatient education (46–48).

In a prospective study comparing the outpatient ed-
ucation programs at Texas Children’s Hospital (Houston,
TX) and Denver Children’s Hospital (Denver, CO), with
the inpatient education program at Children’s Hospital of
Pittsburgh (Pittsburgh, PA), 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 qual-
ity of life. Because very sick patients are always hospi-
talized initially, the problems with these studies are that
they may be comparing outcomes in milder and more se-
vere onset (49–51).

In our service we usually provide this initial educa-
tion to the patient and the family in the hospital on an
inpatient basis. Attempts to move to an outpatient setting
have encountered obstacles, especially in terms of reim-
bursement by third-party payers.

Both inpatient and outpatient approaches have advan-
tages and disadvantages, as listed in Table 2.

X. THE THERAPEUTIC TEAM

Medical care of the child with diabetes is different from
that of patients with 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 educated about the diversity
of problems associated with diabetes. This cannot be a
one-time experience: it must be a constantly renewed and
continuing activity. However, attainment of the knowl-

edge is only half of 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 therapeutic regimen as a personal
commitment for improved health. Each patient and family
has their own unique barriers to full acceptance and in-
corporation of the recommended therapeutic regimen. Al-
though most of these barriers are in the psychological
sphere, other factors, such as peer group pressures, finan-
cial problems, or unavailability of parents at appropriate
times, may make the recommended therapeutic regimen
difficult, if not impossible, to follow.

The physician diabetologist must serve as captain of
the therapeutic team. It is his or her responsibility to as-
sess the unique characteristics of each patient and family
and to determine the general therapeutic strategies to be
used in an attempt to help the child achieve and maintain
good health. Several other team members are essential for
the creation of an effective diabetes therapeutic program.
The diabetes nurse educator plays a pivotal role. Although
the experienced physician must always be involved in re-
inforcing the educational components of therapy, it is un-
likely that he or she has sufficient time to carry the pri-
mary educational activities. The nurse educator must
become involved with the family as early as possible, usu-
ally at the initial diagnosis. It is clear from a number of
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studies that this is not an optimal time for teaching be-
cause of the family’s shock at the diagnosis of diabetes.
However, we believe it important to begin this process
and ensure that the family has at least rudimentary sur-
vival skills when the child is discharged from the hospital
3–5 days later. The educational process continues at each
clinic visit and, if necessary, special educational sessions
are set up with the diabetes educator outside the normal
clinic schedule.

The dietitian assesses the family’s knowledge of food
and nutrition at the initial visit and begins constructing a
diet appropriate to the particular child. At least an annual
review of the patient’s nutritional status by the dietitian is
desirable. Specific issues about the appropriateness of par-
ticular food substances and insulin coverage can usually
be handled by telephone consultation or at clinic visits.

The psychiatric social worker plays a special role in
the diabetes therapeutic team. It is the social worker’s re-
sponsibility to assess the strengths and weaknesses of the
family as they relate to emotional issues, economic and
community support, educational activities, and other is-
sues. Usually the social worker’s assessment and recom-
mendations determine whether other professionals, such
as clinical psychologists and psychiatrists, become
promptly involved with the family. The appearance of
psychiatric problems over time as a consequence of
stresses of the disorder also calls for the social worker’s
reinvolvement. The social worker can be particularly use-
ful in families with limited financial resources, helping
them to obtain support for diabetes medications and sup-
plies, and transportation to clinic appointments.

The core diabetes therapeutic team includes the phy-
sician diabetologist, diabetes nurse educator, dietitian, 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 planning therapeutic strategies and all
other major decisions. 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 fre-
quently 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 appre-
ciate the responsibility being placed upon them as part of
the therapeutic team and respond maturely and appropri-
ately 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 ge-

ographic areas, involving small communities with appar-
ently limited diabetes-related resources. The local family
physician or pediatrician must be incorporated into the
therapeutic team and given encouragement for periodic re-
education 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 respon-
sibility with appropriate, specifically pediatric diabetes
training to become the local diabetes educator or special
diabetes dietitian. The university-based diabetes center or
speciality 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
management problems.

Opportunities for educational renewal by local team
members must be available on a periodic basis. Such a
networking program should provide the benefits of dia-
betes team management to the great majority of children
and adolescents with type 1 diabetes. Although the initial
costs of such a program will clearly be greater than for
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.

XI. THERAPEUTIC OBJECTIVES AND
MONITORING REQUIREMENTS

It is the therapeutic goal of all of us to put our patients
right. We would like to be able to provide such compre-
hensive management to our patients with diabetes mellitus
that they are metabolically normal, physically and emo-
tionally healthy, and free of diabetes-related complica-
tions, both acute and chronic, as they go through life.
Unfortunately, even with the advances of the DCCT, this
is not now possible. We regularly find ourselves making
therapeutic compromises between what we and the pa-
tients would like to achieve and what is reasonable within
their personal situations. Table 3 lists the principles of
diabetes therapy as they have evolved over the last several
years in the diabetes clinic at Children’s Hospital of Pitts-
burgh.

Certainly a primary therapeutic objective is to elim-
inate the obvious symptoms of poorly controlled diabetes,
including polyuria, polydipsia, and polyphagia. Con-
versely, both serious and frequent mild hypoglycemia
should be avoided. Careful attention to physical growth
and sexual maturation is important. Inadequate insulin
therapy results in slow growth and delayed maturation.
Unfortunately, the achievement of these important thera-
peutic 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 per-
sistently too high.
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Table 3 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 occur with increased frequency in
patients with IDDM. Routine surveillance is important to
detect these conditions in the early stages.

Prevention of hyperlipidemia.
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.

Prevention of chronic vascular complications of diabetes.

Table 4 Specific Monitoring and Objectives

1. Glycosylated hemoglobin (total HbA1 or HbA1c) should
be obtained at least every 3 months; the goal in patients
participating in an optimized management program
should be an HbA1c of 8% (the average of adolescents
in the DCCT) or lower in older patients.

2. Self-monitoring for blood glucose should be carried out
daily before each meal and at bedtime, and at 3:00 a.m.
three or four times per month; the blood glucose goals
in optimized patients should be in the range of 80–120
mg/dl in the fasting state and 80–140 mg/dl at other
times. (See text for goals for younger patients.)

3. 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.

4. Urine testing for albuminum: 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 h urine collection; in the absence of postural
proteinuria, overt proteinuria should result in a detailed
renal evaluation and appropriate therapeutic intervention;
microalbumin methods are now becoming available and
are recommended for routine assessment; a timed
overnight specimen is more convenient as it decreases
the chances of detection of postural proteinuria. Spot
urine albumin/creatinine ratios are more costly and
introduce two variables.

5. Blood lipids: Blood should be obtained annually for
determination of total cholesterol, HDL, LDL, very-low-
density lipoproteins, and triglycerides; the lipid fractions
should be between the normal range for nondiabetic
children and adolescents. If the LDL level is greater
than 100–110 mg/dl, a fasting level should be measured.
Increases may reflect inadequate diabetes management
or genetic lipid alterations.

6. Thyroid function should be assessed annually by
determination of TSH; thyroid antibodies should be
obtained in the presence of a goiter.

7. Poor growth, erratic glycemic control, or abdominal
symptoms may be indicative of celiac disease and
transglutaminase antibodies should be measured. The
need for routine screening remains controversial.

Specific therapeutic objectives are presented in Table
4. Based on the DCCT results, primary therapeutic em-
phasis should be placed on achieving a near-normal met-
abolic status while avoiding the known complications of
this approach, including hypoglycemia and excessive
weight gain. The primary biochemical guides to manage-
ment include glycosylated hemoglobin measurements ob-
tained every 3 months and self-monitoring for blood glu-
cose carried out at least four times daily. A number of
commercial techniques are available for determination of
glycosylated hemoglobin. It is imperative that the physi-
cian be well acquainted with his or her own laboratory
assay, its normal range, and any special peculiarities of
the assay. The currently used assays measure either gly-
cated Hb or HbA1c. The DCCT used a highly standard-
ized method for measuring HbA1c that had a higher limit
of normal of 6.05% to which all other assays should be
standardized. This was the therapeutic goal of the inten-
sively managed patients, a goal 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 ad-
olescents, with a mean of 8.1% and the conventional at
9.8%. Because the effectiveness of the management ap-
pears to be comparable in both adults and adolescents, in
terms of minimizing rates of progression of vascular
change, it seems reasonable to use the HbA1c value of
8.0% as a maximum therapeutic goal for adolescents par-
ticipating in an optimized management program. Different

assays have different normal ranges and may not read par-
allel to each other despite excellent statistical correlations.

There were no patients younger than 13 years of age
at entry in to the DCCT, and at the conclusion of the
study, there were no individuals under 20 years of age.
One must therefore translate the conclusions of the DCCT
to younger children with extreme caution. It is our view
that although the general principle of moving all patients
toward physiological homeostasis should be embraced,
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glycemic goals may have to be higher in the preadoles-
cent, particularly the preschooler. It is important to focus
on blood glucose variation in these two younger groups,
with a significant emphasis on avoiding hypoglycemia in
preschoolers (52).

Because of the impossibility of monitoring amino
acid and lipid fluctuations on a day-to-day basis, blood
glucose measurements have traditionally been the sole
modality to assess and manipulate insulin and food ther-
apies. It is important to recognize that although monitor-
ing is ‘‘glucocentric,’’ our therapy should be global in
terms of insulin action. Routine frequent self-monitoring
for blood glucose is an essential component of good di-
abetes management. We recommend that, at a minimum,
the patient measure blood glucose before each meal and
at bedtime. In addition, periodical blood glucose deter-
mination at 2–3 a.m. should be obtained to document
whether hypoglycemia is occurring during sleep. It is ob-
vious that postprandial blood glucose determinations
should be obtained under certain circumstances. It is also
important to document symptomatic hypoglycemia by
promptly performing a blood glucose test. During illness,
blood glucose monitoring should be more frequent, as
well as ketone checks. Although there is a general corre-
lation between the frequency of blood glucose determi-
nations and control, this is true only if the individual uses
this information to make informed decisions regarding al-
teration in insulin dosage or other aspects of management.
Recording of the blood glucose levels on a log sheet or
computer can be useful in this regard. A single determi-
nation of blood glucose at any one time gives valuable
information that may lead to immediate therapeutic deci-
sions. However, the other half of the information lies in
the analysis of patterns appearing day to day when mul-
tiple measurements are reviewed as a whole. For instance,
finding a significantly low blood sugar level in the mid-
morning might prompt immediate management of hypo-
glycemia with the use of a fast-acting carbohydrate such
as glucose tablets or orange juice. However, the recogni-
tion of a pattern of low blood sugar levels in the mid-
morning over several consecutive days would call for its
prevention by a decrease in the prebreakfast fast-acting
insulin dosage, an adjustment in the content of breakfast,
or both, to avoid this hypoglycemia on a continuous basis.

Although it is difficult for US patients to measure
blood glucose values at school before lunch, we insist that
prelunch values be obtained routinely to assess properly
the need for regular insulin in the morning injection.
Schools should make this as easy as possible for the pa-
tient. There are major advantages to the use of meters with
extensive memory capacity, primarily to cross-check the
patient’s accuracy in the recording of blood glucose re-
sults. However, the meter memory should not be used as
an excuse for not recording the daily results in a format
available for review by the parent as well as the team, at
and between outpatient visits.

The DCCT blood glucose goals should be adopted
for adolescent patients who have made a commitment to
optimize management. The blood glucose goals are to
achieve a normal fasting blood glucose level in the range
of 80–120 mg/dl (or 80–140 with meters calibrated to
serum). Any other daytime determination should fall in
the range of 80–140 mg/dl, with 3 a.m. values in excess
of 70 mg/dl. The DCCT results, based on seven-point glu-
cose profiles performed once monthly, gave a mean daily
blood glucose level of 153 mg/dl in the intensively man-
agement cohort compared with 230 mg/dl in the conven-
tionally 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. We are pleased if our
patients met the agreed goals about 80% of the time.

Pediatric diabetologists are currently attempting to
come to grips with issues surrounding the general imple-
mentation 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: 80–140 mg/dl. This should be done
as soon as patients can reliably detect and respond to hy-
poglycemic symptoms. Some preadolescent patients are
stable and have predictable enough blood glucose excur-
sions that careful management adjustments can be made
to bring them into line with adolescent recommendations.
For the preschool child we strongly recommend that
higher blood glucose goals be implemented to minimize
the danger of hypoglycemia. Our specific recommenda-
tions are for fasting blood glucose levels in the 100–180
mg/dl range and postprandial values in the 100–200
mg/dl range in toddlers, and 80–180 mg/dl for 3–6 years.
Allowable glycosylated hemoglobin results may be 1–
1.5% higher than those of the adolescent if frequent hy-
poglycemia cannot be avoided.

With the widespread acceptance of routine self-mon-
itoring of blood glucose, urine glucose testing has largely
been relegated to an assay of historical interest only. We
think that this is a mistake. The value of assessing night
time control is significant and can be achieved by routine
daily testing for urine glucose and ketones in the first
voided morning urine. A dipstick method is used to mea-
sure both glucose and ketones. The presence of ketonuria
is always of importance. Ketonuria associated with neg-
ative or minimal glucose spill is suggestive of nighttime
hypoglycemia. The combination of high urinary glucose
and ketones must be considered a strong indication of
impending serious metabolic deterioration that requires
careful follow-up. Under these circumstances, each suc-
cessive 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. A freshly voided specimen should
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be checked at each visit using one of the microalbumin
screening methods. More sensitive methods for albumin
determination to detect microalbuminuria can detect that
protein levels of 30–300 mg/24 h may be indicative of
impending, progressive renal disease. If positive, overt
proteinuria should be assessed using a protein dipstick
method that becomes positive with a urine albumin con-
centration of about 300 mg/l or total protein level of 500.
Proteinuria at this level or higher, if related to diabetes
renal damage, is indicative of significant and serious pa-
thology once infection is excluded. A carefully obtained
24 h 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 as-
sessment of microalbuminuria; it does not exclude or-
thostatic proteinuria.

Patients with poorly controlled diabetes mellitus fre-
quently have elevations in several of the blood lipid frac-
tions. As a component of assessment of control, we rec-
ommend that nonfasting lipids be screened annually for
the determination of total cholesterol, LDL, high-density
lipoproteins (HDL), and triglycerides. Total cholesterol
values should be below 160 mg/dl, LDL below 100–110
mg/dl, and triglycerides below 140 mg/dl. If any levels
are elevated, this should be confirmed on a fasting spec-
imen. Elevated lipid values may be a result of either in-
adequate diabetes management or one of the forms of ge-
netic 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. If
persistent hyperlipidemia is identified in individuals with
satisfactory diabetes control, then an evaluation for ge-
netic hyperlipidemia should follow. Strict diet or phar-
macological therapy with lipid-lowering agents may be
necessary.

Thyroid disease is commonly seen in association with
IDDM. Hashimoto’s thyroiditis, an autoimmune destruc-
tive process, appears to share many similarities with the
mechanism of �-cell destruction leading to IDDM. In our
experience, approximately 40% of our patients, particu-
larly during the adolescent years, have evidence of Hash-
imoto’s thyroiditis, including goiter and/or elevations in
thyroid antibodies. Approximately 10% of these patients
develop hypothyroidism; a significantly smaller number
develop hyperthyroidism. Timely diagnosis and appropri-
ate management of these conditions are obviously impor-
tant to the patent’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 specifi-
cally indicated or on an annual basis. We recommend an-
nual screening with measurement of thyroid-stimulating
hormone (TSH). In the patient whose TSH level is ab-
normally elevated or in whom a goiter or signs or symp-

toms of hypothyroidism are present, measurement of free
thyroxine (free T4) and thyroid antibodies are also indi-
cated; thyroglobulin antibodies (TG-Ab) and thyroid per-
oxidase antibodies (TPO-Ab). Measurement of thyrotro-
pin receptor antibodies (TR-Ab) is indicated when a
hyperthyroid state is suspected as a work-up to rule out
Graves’ disease. Unexplained persistent hypoglycemia
may be a subtle manifestation of hypothyroidism; con-
versely, unexplained persistent hyperglycemia may be a
subtle manifestation of a hyperthyroid state.

Another relatively common association has been doc-
umented between type 1 diabetes mellitus and celiac dis-
ease. The prevalence of celiac disease using screening
tests among type 1 diabetics has been calculated by dif-
ferent authors in Europe, Australia, and the United States
showing rates between 1.0 and 7.8% (53–55). Based on
this, it has been suggested that all patients with type 1
diabetes be screened for celiac disease. However, this rec-
ommendation remains controversial. 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 disease in all our diabetic patients, but we certainly
request measurement of 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, and obviously in patients
showing signs or symptoms of the disease. A similar ge-
netic background, especially the high frequency of HLA-
DR3 genotypes, has been postulated as the explanation
for the simultaneous occurrence of type 1 diabetes mel-
litus and celiac disease (56) Gluten, the protein respon-
sible for celiac disease, has also been suggested as a pos-
sible determinant for islet autoimmunity (57).

XII. CONSULTATIONS AND REFERRALS

For the child and adolescent with diabetes mellitus, there
may be several occasions on which the advice of physi-
cians outside the therapeutic team is especially valuable.
According to current guidelines, children with type 1 di-
abetes of at least 5 years’ duration, as well as all patients
during their adolescent years, undergo a thorough retinal
exam through dilated pupils performed by an ophthal-
mologist or a trained optometrist on an annual basis.
Many advocate waiting until 8 years of diabetes duration
in the prepubertal child in good control, but doing the
exam after 2 years in patients with poorly controlled dis-
ease. Ideally the eye specialist should have experience in
detecting early diabetic retinal changes. Fundus photog-
raphy, either stereo color photography or fluorescein an-
giography, may be appropriate as a more sensitive assess-
ment during the adolescent years. The detection of
vascular changes in the eye by either the family physician
or diabetologist should promptly result in referral to an
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ophthalmologist. Although in most cases the ophthalmol-
ogist provides no therapeutic intervention at that time, the
visit may provide an opportunity for the therapeutic team
to re-emphasize the importance of good diabetes manage-
ment. Adolescent girls should be referred to a gynecolo-
gist or adolescent medicine clinic when they become sex-
ually active.

The stress of diabetes and its management require-
ments 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 signif-
icant psychopathology during adolescence (58). In most
cases, this was pathological depression, requiring profes-
sional intervention. Other problems include antisocial act-
ing-out behaviors, eating disorders, and adjustment prob-
lems. It is essential for all therapeutic team members to
be sensitive to behavioral issues and be prepared for re-
ferral to colleagues in psychiatry or psychology if nec-
essary. 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 empha-
sizing the importance of psychological well-being as part
of the management of the patient with diabetes, the like-
lihood of family cooperation, if active intervention ther-
apy is needed, is increased.

Annual evaluation of possible renal involvement is
also advised. Measurement of microalbuminuria is rec-
ommended on an annual basis in patients who have had
diabetes for at least 5 years or those who are reaching
puberty, and after 2 years if the disease is poorly con-
trolled. Albumin excretion rate above 21 �g/min should
be confirmed by repetition of the test within the following
few weeks or months. A persistent overt proteinuria
should ideally prompt the referral of the patient to a
nephrologist. If the patient has not had poor glycemic con-
trol, causes other than diabetes should be excluded.

Eventually the patient evaluated by the pediatric di-
abetes 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 grad-
uation is a natural time to terminate this therapeutic re-
lationship and hand the patient’s case over to an adult
diabetologist. All too often the young adult diabetic, fol-
lowing 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 complications. It is not enough simply to refer
the patient to the family doctor and assume that proper
future management will be arranged locally. These pa-
tients deserve the opportunity to continue in a therapeutic
environment characterized by the diabetes therapeutic
team and led by a skilled internist or diabetologist. As-
suring that this connection is made will go a long way

toward minimizing serious complications during patients’
young adult years.

XIII. CLINICAL ASSESSMENT AND
THERAPEUTIC DECISION-MAKING

Children and adolescents with insulin-dependent diabetes
mellitus require regular physical, biochemical, and emo-
tional assessment and modification in all aspects of man-
agement to meet their changing needs and individual life-
style requirements. Because of the complexity of this
problem, 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 3 month intervals, with interim
visits with the nurse educator or dietitian as required. The
physician’s routine evaluation should include a careful re-
view of general health and diabetes management issues in
the interval since the last examination. Frequency, severity
and management of hypoglycemia should be specifically
investigated. Symptoms of hyperglycemia, such as noc-
turia or urinary frequency, should be documented. Dietary
management should be reviewed by the physician, and
specific dietary problems should be referred to the dieti-
tian. An evaluation of physical activity should be obtained
and the patient encouraged to participate in daily exercise
to achieve superior physical fitness and assistance with
dose adjustment made. Psychological issues should be re-
viewed, including how the patient is handling the personal
problems of diabetes and its management, school perfor-
mance, and interpersonal relationships at school and at
home. Issues of sexuality and drug and alcohol abuse
should be approached directly in a nonjudgmental fashion.
Sexually active girls should be referred to a gynecologist
for additional counseling.

Physical examination should be complete. Height and
weight measurements should be transferred to a standard
percentile growth grid in which assessment of growth pa-
rameters over time can be followed accurately. A declin-
ing 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.
In the adolescent patient, the physical examination should
include determination of Tanner staging and information
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 hy-
pertension is a serious problem in the diabetic patient and
must be aggressively evaluated and treated. The diabetol-
ogist should be comfortable and confident in carrying out
a routine ophthalmological examination looking for early
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changes indicative of background retinopathy. Insulin in-
jection sites should be carefully examined. Lipohypertro-
phy may result in impairment of insulin absorption and
contribute to inadequate management.

A major portion of the routine visit is review of the
patient-generated blood glucose records by the diabetol-
ogist. This is an opportunity to teach about diabetes ther-
apeutics and encourage the patient’s and parents’ partici-
pation in therapeutic decision-making. The individual’s
blood glucose goals in the fasting and postprandial state
are reviewed, and an assessment of the interim perfor-
mance provided . The focus is on insulin adjustments, but
the integration of diet and physical activity must also be
emphasized in these discussions. Any therapeutic 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 phy-
sician by letter within days of the clinic visit. Elevations
in glycosylated hemoglobin levels, for example, may dic-
tate more vigorous therapeutic changes than the initial re-
view of the patient’s blood glucose record would suggest.
When biochemical therapeutic goals are met, congratula-
tions are due to the patient and family, with encourage-
ment to keep up the good work. Lack of achievement of
goals should not be presented in a negative or punitive
fashion but rather as encouragement to the patient and
family to try even harder in the future with the assistance
of the therapeutic team.
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I. INTRODUCTION

Diabetic ketoacidosis (DKA) is a potential complication
in every patient with type 1 or insulin-dependent diabetes
mellitus (IDDM). It is an inevitable consequence of un-
treated or inadequately controlled IDDM, and may be part
of the initial presentation. Ketoacidosis is the most com-
mon cause of rehospitalization in the child with known
type 1 diabetes or atypical or type 11/2 diabetes.

DKA is a serious, life-threatening acute metabolic
complication of IDDM. The frequency of DKA in our
center and others in the United States is declining, both
as the presenting feature of IDDM and as a later-recurring
problem. There appears to be considerable variation in the
frequency of DKA in children and adults in different ge-
ographic areas of the world. Although these data are
poorly documented and scanty, physicians from Israel and
parts of Europe report that DKA is uncommon in their
countries. However, DKA remains a major frequent prob-
lem in diabetic children in many parts of the world in-
cluding the United States. From our experience at Chil-
dren’s Hospital of Pittsburgh, DKA (defined as a serum
bicarbonate level less than 18 mEq/l and/or pH equal to
or less than 7.3), as the new presenting feature of newly
diagnosed patients has declined from 80% of cases in the
1950s to 55% of cases in the early 1980s and to 40%
among whites in the late 1990s. However, there was no
change in the frequency of DKA among black patients.
DKA is more frequent and more severe in children <6
years of age (64%), with one-third of these presenting
with impaired levels of consciousness in the youngest
children, in contrast to 9% in the older age groups (1).

The severity of DKA in these children also appears
to have lessened. Severe acidosis with dehydration has
been more common in our newly diagnosed girls than
boys, and is associated with higher mean glycosylated he-
moglobin and serum cholesterol levels. They also had a
greater frequency of evidence of infection or pre-existing

infection. The reason for gender differences in DKA is
not apparent (2).

Despite improvement in therapy, DKA remains a ma-
jor cause of death in IDDM around the world and, until
the 1980s, was the most common cause of death in the
diabetic patient under 20 years of age (3). Although there
was some decline during that period, within our own in-
stitution deaths have become extremely rare and have oc-
curred only in patients transferred from other hospitals in
a moribund state. This suggests that with improved ther-
apy and more rapid diagnosis, death from DKA may be
preventable. There is little new data regarding DKA mor-
tality in the United States (3). The overall mortality rate
due to DKA was approximately 7% in the United States
and the United Kingdom, with reports ranging from 1 to
19% before 1980 (4). Approximately 65% of all DKA
admissions reported in this study occurred in children and
adolescents. However, the mortality was far higher in
adults, with death mostly resulting from complications of
myocardial infarction and cerebral vascular accident.

It is hoped that with increasing understanding of the
pathogenesis of this disorder and careful therapy, together
with education of the physician and patient population,
the overall morbidity and mortality rates of this acute
complication can be appreciably lessened in the future.

II. PRESENTATION AND
CLINICAL FEATURES

Insulin deficiency results in a series of understandable and
predictable metabolic events, which have associated clin-
ical concomitants. The pathogenesis of these events is de-
scribed later. In patients with new-onset diabetes, presum-
ably there is a gradual drop in the release of insulin from
the � cells with an associated impairment in the metab-
olism of energy intermediates, including carbohydrates,
fat, and protein. The first recognizable symptoms are as-
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sociated with postprandial hyperglycemia and glycosuria,
because the concomitant hyperlipidemia and alterations in
protein metabolism are not yet clinically evident (5).
Thus, the classic initial features of IDDM include poly-
uria, polydipsia, polyphagia, and visual disturbances, all
associated with hyperglycemia. This condition progresses
to a catabolic state with fatigue and weight loss due to
muscle proteolysis and lipolysis. The abnormal fat metab-
olism results in hypercholesterolemia and ketosis. If the
diagnosis of IDDM or of poor control of IDDM is not
made at this phase, the symptoms progress to vomiting,
abdominal pain, anorexia, dehydration, so-called sighing
respiration, and, later, impairment of the central nervous
system (CNS) or coma. In our experience, most patients
have a clinical course of approximately 4–8 weeks before
development of DKA. In some cases, the symptoms have
been identified for only a few days and, in previously
diagnosed patients, often for only few hours prior to their
presentation with severe metabolic derangement.

Very severe DKA is seen most commonly in the in-
fant and toddler. It declines in frequency with the presen-
tation of IDDM in the older child (1). Hyperosmolar di-
abetic coma (severe hyperglycemia with no ketosis) also
occurs more often in the younger child (6). The degree of
metabolic derangement in DKA can vary widely from se-
vere uncompensated metabolic acidosis to diabetic ketosis
in which there is hyperglycemia and ketonemia with ke-
tonuria and normal acid–base balance. Diabetic ketosis
occurs in approximately 50% of our patients. Although
the clinical presentation of patients usually parallels the
severity of the biochemical changes, one frequently sees
patients who are in surprisingly good clinical condition
relative to the severity of their metabolic derangement.
One also sees patients who are in poor clinical condition
with marked dehydration relative to the mildness of met-
abolic acidosis.

The biochemical alterations of DKA are hyperglyce-
mia, dehydration, ketosis, acidosis, and electrolyte distur-
bance. Often a linear relationship exists between the con-
centration of blood glucose and the severity of the
metabolic acidosis. Exceptions at either extreme occur fre-
quently. Thus, patients may have severe hyperglycemia
and hypernatremia with resultant hyperosmolarity and
minimal or no ketosis. Hyperosmolar diabetic coma,
which is a rare complication of diabetes in childhood, is
at one extreme of this biochemical derangement with
marked hyperglycemia but no ketosis and little acidosis.
Conversely, a number of children have severe metabolic
acidosis and only mild to moderate hyperglycemia with
blood glucose levels in the range of 200–300 mg/dl.
These patients usually have an acute onset with severe
vomiting and frequently have previously diagnosed dia-
betes. We consider any patient to have DKA whose serum
bicarbonate level is less than 18 mEq/l, irrespective of
serum pH (i.e., whether or not the acidosis is compen-
sated). We define a serum pH of less than 7.2 in a diabetic

patient as severe ketoacidosis. Hyperlipidemia is almost
invariably present in patients with DKA with elevations
in both serum cholesterol and triglyceride concentrations.
Increases or decreases in the serum levels of electrolytes,
blood urea nitrogen (BUN), and creatinine also occur, de-
pending upon the degree of dehydration, acidosis, and
vomiting. The hemoglobin value, hematocrit, and white
blood cell count may likewise be high.

Although the serum sodium concentration is usually
high when associated with severe dehydration, it may be
mildly or moderately depressed. The depressed sodium
level results from both excessive urinary losses and move-
ment of sodium from the extracellular space into the in-
tracellular space, secondary to the hyperosmolarity asso-
ciated with hyperglycemia. Serum sodium may also be
spuriously low in association with the concomitant hy-
perlipidemia with increased fat displacing plasma water
(7). Most clinical laboratories today displace these circu-
lating lipids by ultracentrifugation, and it is important to
determine whether or not hyperlipidemia has been al-
lowed for in each laboratory (8). Serum potassium levels
are usually initially normal or even elevated, depending
upon the degree of acidosis and dehydration. This occurs
despite severe total body potassium deficit with markedly
diminished intracellular concentrations of potassium. Dur-
ing therapy, even with adequate replacement of potassium,
there is usually a decline in the serum concentrations of
potassium (9). Like potassium concentration, the concen-
tration of phosphorus in the blood is variable at presen-
tation but usually drops markedly during therapy because
of excessive urinary losses with an associated total body
phosphorus deficit (9). Reduction of the intracellular phos-
phate content is associated with a loss of 2,3-diphospho-
glycerate (2,3-DPG), which is most important in the red
blood cells. Thus, 2,3-DPG, which controls the oxygen
affinity of hemoglobin, may be important in oxygen trans-
fer at the tissue level (10). However, this subject is highly
controversial. Although severe hypophosphatemia fre-
quently occurs during therapy in DKA, identifiable asso-
ciated complications have not been reported in this con-
dition. The clinical effect of hypophosphatemia is
therefore not yet clear in DKA (11).

Routine urinary test findings in DKA indicate glu-
cosuria and ketonuria. Proteinuria and hyaline casts are
frequently found at presentation. Both findings depend on
the degree of dehydration. The glycosylated hemoglobin
concentrations in DKA are variable and probably depend
on both the prior duration and severity of hyperglycemia.

III. PATHOGENESIS

A. Insulin Deficiency

The pathophysiology and presenting features of DKA are
the subject of a number of reviews (12–14). Ketoacidosis
in the newly diagnosed diabetic patient may have a fairly
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extensive prodrome consisting of the classic symptoms of
polydipsia, polyuria, and polyphagia, or it may develop
within a few hours in an insulin-treated diabetic child who
had otherwise previously been in good health. The first
case appears associated with relative insulin deficiency
due to failure of insulin secretion by the pancreatic � cells,
although circulating levels may be detectable in the low-
normal or, in the face of obesity, even the normal range
at the time of presentation. Circulating insulin levels are
lower than the body’s requirement at that time (5,15). In
the insulin-treated diabetic child, the cause is usually ab-
solute insulin deficiency with frequently very low circu-
lating free insulin levels when measured on presentation
(despite a history of not missing insulin injections). How-
ever, insulin deficiency may also be relative to increased
insulin requirements (12).

Reasons for the apparently greater requirement for
insulin may be infection, dehydration, physical or emo-
tional stress with overproduction of counterregulatory hor-
mones, insulin antagonism by elevation of free fatty acid
levels, and diminished number of insulin receptors asso-
ciated with acidosis. Circulating insulin antibodies are
usually of low affinity and are an unlikely cause of an
acute reduction of insulin action.

The absolute or relative insulin deficiency produces
a situation of acute intracellular starvation in most of the
cells of the body. The accompanying metabolic changes
in diabetic ketoacidosis are thus very similar to those
found in prolonged starvation. The major effects are those
of insulin deficiency, which is accompanied by an acute
elevation of the counterregulatory hormones, presumably
stimulated by the insulin deficit and its metabolic conse-
quences (16). The metabolic consequences of the insulin
deficit are enhanced glycogenolysis and gluconeogenesis
resulting in greater hepatic glucose output, increased li-
polysis, and reduction of peripheral glucose utilization,
lipogenesis, and protein synthesis.

B. Counterregulatory Hormones

As suggested previously, absolute insulin deficiency, per
se, does not account for the development of ketoacidosis
in the majority of patients. Even when insulin therapy is
omitted, ketoacidosis is not precipitated without the con-
comitant increment of some, if not all, the counterregu-
latory hormones (12). These hormones—glucagon, cate-
cholamines, cortisol, and growth hormone—which are
also known as the stress hormones, antagonize the action
of insulin on carbohydrate, protein, and fat metabolism.
In DKA of both adults and children there is almost in-
variably an elevation of at least three, if not all, of the
counterregulatory hormones. The most important for the
development of ketogenesis appear to be glucagon and
catecholamines because of the rapid onset of their meta-
bolic effect (12,17). The actions of glucagon include the
following: glycogenolysis; elevated gluconeogenesis; en-
hanced ketogenesis, by suppression of malonyl CoA,

which regulates the carnitine acyl transferase enzymes;
and proteolysis (18,19). Catecholamine actions are as fol-
lows: lipolysis by stimulation of lipase, gluconeogenesis,
possible ketogenesis, and reduction of peripheral glucose
utilization (18).

Cortisol and growth hormone excesses, both of which
occur in DKA, have much slower actions but play an im-
portant role in the pathogenesis of DKA after a number
of hours (12,18). The actions of increased circulating cor-
tisol are catabolism of protein, reduction of peripheral uti-
lization of glucose, augmentation of both gluconeogenesis
and ketogenesis, along with some lipolysis. The effects of
growth hormone elevation are lipolysis, gluconeogenesis
(by an undefined mechanism), augmentation of ketogen-
esis, and reduction of peripheral glucose utilization.

C. Mechanism of Hyperglycemia

The degree of hyperglycemia in DKA varies and does not
necessarily correlate with the severity of acidosis. The ma-
jor source of blood glucose elevation is the continued he-
patic glucose output due initially to glycogenolysis. Later
it is due to continued gluconeogenesis stimulated by the
combination of insulin deficiency and glucagon and cat-
echolamine excess, augmented by the action of cortisol
and growth hormone (20,21). Superimposed on the ele-
vated glucose output is the reduction of peripheral glucose
utilization caused by the absolute or relative insulin de-
ficiency as well as the catecholamine action on muscle
and adipose tissue (22).

Most of the glucose formed is excreted in the urine,
resulting in a major caloric loss. As long as there is normal
renal function, the circulating blood glucose does not in-
crease much above 300–400 mg/100 ml. However, once
severe dehydration ensues owing to osmotic diuresis, the
diminished glomerular filtration rate prevents further ex-
cretion of glucose and the serum glucose level increases
markedly. The more dehydrated the patient, the higher the
serum glucose level (23). However, some patients exhibit
initially very high serum glucose levels without concom-
itant dehydration. This occurs when thirst is quenched
with sugar-containing fluids, resulting in extremely large
glucose loads that can be partially excreted by the kidney
without insulin therapy.

D. Mechanism of Hyperlipidemia

DKA is associated almost invariably with hypertriglycer-
idemia and elevated circulating nonesterified fatty acids
(NEFA). The major source of these lipids is lipolysis of
the adipose tissue due to stimulation of lipase caused by
a combination of insulin deficiency and catecholamine,
cortisol, and growth hormone excess (24). Another major
source of serum triglycerides and NEFA may be the he-
patocytes (25). As a result of extensive lipolysis, the se-
rum in DKA may be extremely turbid, with increased vis-
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cosity and the danger of sludging in small blood vessels.
A major complicating factor caused by severe hyperlipi-
demia is the spuriously low measurement of plasma elec-
trolytes due to displacement of plasma water by the lipids.
Thus, severe hyponatremia may be an artifact of hyper-
lipidemia unless the lipid is extracted prior to analysis
(7,8).

E. Aminoacidemia

Because DKA is a catabolic condition, with reduced pro-
tein synthesis and continued proteolysis associated with
both insulin deficiency and cortisol and glucagon excess,
it causes increased concentrations of circulating branch-
chain aminoacids (i.e., leucine, isoleucine, and valine). By
contrast, the gluconeogenic aminoacid concentrations,
particularly those of alanine and glutamine, are dimin-
ished because of greater hepatic uptake (26,27).

F. Mechanism of Ketogenesis

The liver is the sole source of ketone-body production.
Acetoacetate and �-hydroxybutyrate are metabolized from
the increased circulating NEFA delivered from the adipose
cells. The liver is set in the ketogenic mode by a combi-
nation of insulin deficiency and glucagon excess. The
higher ketone body production is controlled by the rate of
lipolysis and thus by the substrate availability, and to a
minor extent by the supply of ketogenic aminoacids,
which are leucine and isoleucine. Continued gluconeo-
genesis, stimulated by glucagon with possibly an additive
action of catecholamines and cortisol, produces sufficient
NAD for ketone production. The long-chain fatty acids
are transported into the mitochondria after combining with
carnitine by the action of two carnitine acyl transferase
enzymes. Sequential �-oxidation results in the formation
of acetoacetate that is in equilibrium with �-hydroxybu-
tyrate. Acetone may be formed by spontaneous decarbox-
ylation of acetoacetate and excreted through the lungs or
kidneys. Under the condition of severe acidosis, particu-
larly that associated with hypoxia or lactic acidosis, most
of the ketone bodies exist as �-hydroxybutyrate. This
finding is important because �-hydroxybutyrate does not
react with nitroprusside when the serum and urine are
tested for ketones. Only acetoacetate will give the classic
purple color. As the acidosis resolves, �-hydroxybutyrate
is converted to acetoacetate and may give the impression
of an increased production of ketones if one is not aware
of this so-called factitious increased ketosis. The produc-
tion of acetoacetate occurs at a time when there is an
actual reduction in the total plasma ketone body concen-
tration (28). New meters appearing on the market mea-
sure serum �-hydroxybutyrate and thus circumvent this
problem.

Two studies have shown that the hepatic overproduc-
tion of ketone bodies alone cannot account for the huge
increase in the circulating ketone concentration in DKA

(29,30). It is suggested that a reduction in ketone body
clearance and utilization is also necessary to explain the
severe ketoacidosis. Insulin deficiency and catecholamine
excess have been shown to lessen peripheral ketone body
utilization, particularly by muscle. Excretion of ketone
bodies through the lungs and kidneys is not sufficient to
compensate for the greater hepatic production and lesser
muscle utilization, particularly when glomerular filtration
is diminished due to dehydration.

G. Mechanism of the Metabolic Acidosis

In children with DKA, the major cause of acidosis is the
accumulation of ketone bodies. �-Hydroxybutyrate and
acetoacetate both are strong acids and contribute to the
classic anion gap found in DKA (31). When severe de-
hydration is found with peripheral vascular shutdown and
anoxia, an accumulation of lactic acid with lactic acidosis
contributes to the general metabolic acidosis (32). Patients
with DKA usually have a normochloremic acidosis with
an elevated anion gap. However, during therapy, despite
continued excretion of the ketone bodies, acidosis fre-
quently persists with the appearance of hyperchloremia
and disappearance of the anion gap. Excretion of ketone
bodies is not associated with a rise in serum bicarbonate
concentration, suggesting the loss of a great deal of alkali
together with the ketones in the urine. However, it is
likely that the apparent loss of bicarbonate may also occur
on a dilutional basis or may be associated with alterations
in anion distribution. It is thought that the administration
of chlorides during rehydration can only partially account
for the hyperchloremia, and that there is increased renal
tubular chloride reabsorption. The associated lack of ade-
quate amounts of alkali causes the persistent metabolic
acidosis. Serum electrolyte balance is maintained by ele-
vated chloride concentration (33).

H. Effects of Renal Function

1. Water Loss
A major effect of uncontrolled diabetes is osmotic diuresis
associated with glucosuria. This water loss results in se-
vere dehydration and, eventually, reduced glomerular fil-
tration. If the decrease in plasma volume is severe, di-
minished peripheral circulation, shock, and, occasionally,
renal tubular necrosis can result.

2. Electrolyte Loss
The glycosuria of DKA classically is accompanied by a
loss of sodium, potassium, calcium, phosphate, and mag-
nesium in the urine. The loss of sodium, calcium, and
phosphate is apparently related to both insulin deficiency
and glucagon excess, which have a direct effect on the
renal tubules. The contraction of the intravascular circu-
lating volume together with the sodium loss stimulates
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both aldosterone and ADH secretion. Aldosterone’s action
on the tubules may account for some of the potassium
loss. However, most of the potassium and phosphate loss
is due to movement of these cations from the intracellular
space into the intravascular space and into the urine due
to insulin deficiency. Glucagon excess may induce resis-
tance to the sodium-retaining actions of mineralocorti-
coids so that circulating aldosterone does not exert its so-
dium-retaining action (34,35). High levels of ADH add to
the Na excretion in the urine, contributing to the total
body sodium deficit. As mentioned previously, the alkali
loss through the kidney associated with the excretion of
ketone bodies can result in a total body bicarbonate deficit
that must be replenished. As mentioned previously, so-
dium moves from the intravascular to extravascular space
in the face of severe hyperglycemia. An approximate for-
mula to calculate this effect is a decrease of sodium in the
serum of 1.6 mE/l for every 100 mg increase in serum
glucose above normal.

I. Effects on the Brain

Changes in the level of consciousness are a hallmark of
severe DKA. These changes can vary from lethargy to
stupor and coma. Even when there is not clinical change
in the level of consciousness. DKA, particularly when as-
sociated with severe hyperosmolarity, is associated with
major electroencephalographic (EEG) abnormalities that
are usually reversible (36). Alterations in the level of con-
sciousness appear to be more closely associated with hy-
perosmolarity due to hyperglycemia, with or without
hypernatremia. If there is severe ketoacidosis and dehy-
dration, there may be relative cerebral anoxia, which can
also contribute to changes in the level of consciousness.
Severe phosphate loss will result in deficiency of 2,3-
DPG. This loss results in increased oxygen affinity of he-
moglobin and relatively decreased delivery of oxygen to
the tissues (i.e., a shift of the Bohr curve to the left) (10).
When a patient is severely acidotic the Bohr curve is ef-
fectively shifted to the right. Thus acidosis and 2,3-DPG
reduction counterbalance each other. Severe phosphate de-
pletion without severe acidosis shifts the Bohr curve to
the left and, theoretically, is associated with tissue anoxia.
However, measurements of oxygen partial pressure in pe-
ripheral tissues were not abnormal in a series of studies,
but the effect in the brain has not been well studied.

J. Hyperosmolar Nonketotic Coma

In pediatric practice, hyperosmolar nonketotic coma is an
unusual condition that occurs mainly in very young or
mentally retarded children (6). It is assumed that these
patients are unable to obtain access to sufficient water to
prevent severe dehydration. This condition occurs in the
presence of a relative insulin deficiency, resulting in ex-
cessive glucose production and an osmotic diuresis. How-

ever, there appears to be enough insulin to suppress li-
polysis and thus prevent an excess production of ketone
bodies. There is assumed to be an unexplained limitation
to the output of glucagon that would usually occur in a
stress situation and stimulate ketogenesis. Coma in these
patients is associated with severe hyperosmolarity, meta-
bolic acidosis, and high incidence of death associated with
cerebral edema. It should be remembered that an equal
degree of hyperosmolarity could occur in the presence of
ketoacidosis with similar detrimental effects.

IV. CAUSES OF DIABETIC KETOACIDOSIS

In both newly diagnosed patients and insulin-treated pa-
tients with diabetes, DKA is usually associated with a pre-
cipitating factor, making the relative insulin deficiency
functionally absolute. In the known diabetic, the most
common precipitating cause is disruption of insulin deliv-
ery by omitting injections, malfunction of an insulin
pump, or inappropriate decreases of doses during illness.
In contrast, in newly diagnosed patients DKA is often pre-
cipitated by an acute infection that carries with it an
increase in the insulin requirement. Relatively routine
pediatric illnesses such as flu, otitis media, and gastro-
enteritis may rapidly induce ketosis and subsequent aci-
dosis in a previously apparently healthy child. Acute in-
fection is a less common precipitant in known diabetic
children. It occurs only in the face of inadequate insulin
delivery. The progression to DKA usually suggests that
prompt intervention at home was not accomplished, often
because of failure to recognize the early deterioration. The
mild insulin deficiency results in acute DKA only if it is
accompanied by an increase in the counterregulatory hor-
mones, particularly glucagon. Less common precipitating
causes of DKA after diagnosis are physical and mental
stress. In most diabetic children the occurrence of DKA
after diagnosis is not common. A small group of patients
has recurrent DKA in response to emotional stress. It has
long been held that this response seems related to an acute
rise in catecholamine secretion, with an accompanying
rise in free fatty acid (FFA) production due to lipolysis
and subsequent ketogenesis. This response can occur
within hours in a previously apparently healthy person.

Our recent experience suggests that this phenomenon
is rare in the majority of children with recurrent DKA.
These children appear to have an excessive biochemical
response to stress or a defect in the clearance rates of
related hormones or substrates. Such patients are referred
to as psychogenic diabetics and are often adolescents from
disorganized homes. Like the rapid onset of DKA in these
children, the response to medical therapy is unusually
prompt. Our institution of measurements of free insulin
levels has revealed that a more common mechanism of
this recurrent DKA is failure to receive insulin, even
sometimes when a parent claims to have administered the
injection. The problem will recur unless underlying be-
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havioral problems are identified and resolved. Exercise
can also precipitate acute ketoacidosis in a patient who is
already partially decompensated due to underinsuliniza-
tion. Again, this is presumed to be related to an elevation
of catecholamines and glucagon levels in excess of avail-
able insulin.

V. DIFFERENTIAL DIAGNOSIS

If the patient has known history of diabetes, the differ-
ential diagnosis of alterations in consciousness is between
DKA and hypoglycemia. Measurement of blood glucose
levels by a blood glucose monitor and serum or urine
ketones should give the accurate diagnosis (remembering
that hypoglycemia can induce ketosis).

Because patients with ketoacidosis often have abdom-
inal pain with vomiting, an acute abdomen must enter the
differential diagnosis. A patient with diabetes may have
an acute abdomen most commonly from appendicitis, and
this can coexist with DKA.

Severe gastroenteritis with hypernatremia and acido-
sis is occasionally associated with ketoacidosis due to in-
hibition of insulin secretion, with accompanying hyper-
glycemia and ketosis. Such patients have temporary
diabetes and sometimes may require a few doses of very
small amounts of insulin. Some drugs induce nondiabetic
ketoacidosis, the most common being salicylate intoxi-
cation in children. In addition, high dosages of diazoxide
or salbutamol have been reported to induce nondiabetic
ketoacidosis. Chronic alcoholism associated with reduced
food intake can cause severe hyperketonemia with aci-
dosis. However, alcoholism is usually associated with hy-
poglycemia.

VI. CLINICAL ASSESSMENT

Most of the diagnostic signs and symptoms of DKA are
sequelae of the metabolic disorder with clear pathogene-
sis. The only feature that is not fully explained is the
devastating effect of DKA on the CNS. Patients will al-
most always present with polyuria and polydipsia of var-
iable duration. These symptoms eventually result in de-
hydration with consequent hypovolemia, tachycardia, and
shock. Ketosis is usually accompanied by abdominal pain,
nausea, and vomiting, the mechanism of which is totally
unclear. DKA typically causes hyperventilation (Kuss-
maul breathing), which is deep sighing ventilation with a
long air column. If the patient is extremely acidotic (pH
< 7.0), CNS depression often occurs and the respiratory
rate may fall in association with carbon dioxide retention.
When acidosis is severe, the serum potassium level may
be high. However, because of insulin deficiency, there is
a great deal of intracellular potassium loss due mainly to
potassium diuresis, which accounts for gastric stasis, ileus,

muscle weakness and cramps, and the risk for cardiac ar-
rhythmia. The loss of intracellular magnesium and phos-
phate may add to these symptoms (37).

The presenting abdominal symptoms and signs may
be similar to those of an acute abdomen. Because of the
frequent increase in serum amylase levels in DKA, a num-
ber of workers have suggested an association of DKA
with acute pancreatitis in some of these patients. However,
serum amylase levels increase in approximately 70% of
patients with DKA, most of whom have no clinical evi-
dence of pancreatitis. The raised serum amylase levels are
usually associated with severe hyperglycemia, and the or-
igin of the enzyme is likely to be the salivary glands (38).
Because DKA is often precipitated by infection, accom-
panying signs and symptoms should be sought. It is im-
portant to note that even in the absence of infection, py-
rexia is rare in association with DKA, and leukocytosis
frequently occurs despite the absence of infection.

Reports indicate that approximately 10% of patients
with DKA are comatose and coma is associated with a
greater mortality risk. We have noted that the incidence
of coma is diminishing at our center because of earlier
recognition of decompensating diabetes. Disturbances in
the level of consciousness are more common, varying
from lethargy to disorientation and agitation. Cerebral
edema at presentation is unusual but may occur, and the
mechanism of CNS abnormalities appears to be related
mainly to the degree of hyperosmolarity.

Initial clinical assessment of the patient should be
made rapidly and should include state of hydration; blood
pressure and cardiac output; renal function (polyuria or
anuria); cerebral function, including a very careful eval-
uation of the optic discs for papilledema; and complicat-
ing and precipitating factors.

Immediately after the clinical assessment, baseline
biochemical evaluation of the patient should be made
prior to initiation of insulin therapy. This evaluation
should include:

1. Urinalysis for glucose and ketones, recognizing
that interfering substances such as salicylates,
antibiotics, and degraded strips may possibly
give false-negative or false-positive results for
acetonuria (39).

2. Serum glucose level using a sensitive laboratory
technique after screening with one of the avail-
able bedside blood glucose monitors.

3. Serum electrolyte levels.
4. Values of arterial or venous gases. In our ex-

perience, we have not found measurement of
arterial gases necessary for monitoring patients,
and we have used venous blood unless there is
peripheral vascular collapse. The measurement
of blood gases should include pH, PCO2, and
bicarbonate.

5. Plasma osmolarity should be measured or cal-
culated using the formula:
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Osm (serum) = 2 � Na (mEq/l)

Glucose (mg/dl) BUN (mg/dl)
� �

18 2.8

6. Serum or plasma ketone levels should be mea-
sured using an Acetest tablet or a meter.

7. BUN and creatinine levels.
8. Calcium and phosphorus values.
9. Serum amylase level (if indicated).

10. Hemoglobin value, hematocrit, and white blood
cell count.

11. Microscopic examination of the urine.

VII. THERAPY

The development of DKA is usually relatively slow and
should be corrected relatively slowly. The only indication
for very rapid correction is impending or actual shock.
This maxim is probably even more important in treatment
of children than of adults.

A. Rehydration

Because a major feature of DKA is water loss associated
with loss of electrolytes, rehydration is the cornerstone of
therapy. It is probably more important in the early stages
of therapy than insulin delivery. An initial 1 h bolus of
10–20 cc/kg 0.9% normal saline should be given prior to
the administration of insulin while awaiting report of lab-
oratory results and assessing fluid losses. The most com-
mon fluid used is normal saline without the addition of
potassium until urine excretion has been confirmed and
serum potassium levels have been measured. Ringers’ lac-
tate, while effective, is less than optimal because of pos-
sible delay in lactate metabolism by the liver. The advan-
tage of this initial hour or even 2 h of rehydration is that
it allows one to assess the degree of dehydration and rate
of blood glucose decrement associated with volume ex-
pansion rather than insulin action. Rehydration is very
useful in the child in whom the degree of dehydration is
not apparent based on clinical assessment. Some of the
plasma glucose reduction during this period is probably
caused by improved insulin action in previously treated
patients, or elimination of a large oral glucose load by
improved renal function in the face of enhanced glo-
merular filtration rate. The fluid deficit is calculated ac-
cording to the body weight, and the deficit is corrected
over 24 h with one-half the correction over the first 8 h.
It is extremely important to assess water balance contin-
ually in the patient with an actual measurement of the total
fluid infused or taken orally and the total urine volume
lost.

The initial fluid rate required should be between 10
and 20 ml/kg/h depending on the patient’s hydration and
hemodynamic status. Excessive infusion should be
avoided unless it is needed for correction of hypotension

and shock. Excessively rapid rehydration with volumes
above this is thought by some (40,41) but not all (42,43)
to be related to the development of cerebral edema. Unless
severe hyperosmolarity or hyponatremia persists after the
first hour, the rehydration fluid is changed to half-normal
saline in order to supply maintenance fluid, correct the
deficit, and replace continual losses. Fluid status must be
reassessed on a regular basis; fluid requirements should
not be calculated based on the initial status without re-
evaluation.

Maintenance and replacement fluid volumes can be
calculated on a weight or surface area basis, with allow-
ances made for age (Fig. 1). Most of the rehydration treat-
ment should be administered intravenously and oral fluids
should be avoided in the very ill patient, particularly if
there has been prior vomiting. Even when oral fluids are
tolerated, gastric stasis and ileus may prevent rapid ab-
sorption of fluids and make it difficult to calculate actual
delivery to the intravascular space. Composition of the
rehydration fluids depends on the patient’s serum sodium
and potassium levels and the serum osmolarity. In general,
one should attempt to rehydrate, at least initially, with iso-
osmolar solutions. As the serum osmolarity diminishes,
some free water should be administered. There is almost
never an indication for administration of intravenous flu-
ids that do not contain sodium. In contrast, hyponatremia,
which may occur during therapy, may require continuation
or reinstitution of 0.9% normal saline therapy. The aim
should be to reduce the serum osmolarity slowly by con-
stant administration of solutions containing sodium (un-
less the serum sodium levels rise), and later to add glucose
(see following section). The concentration of K� usually
should not exceed 40 mEq/l but in rare circumstances up
to 80 mEq/l may be required. Maintenance and replace-
ment fluid volumes can be calculated according to body
weight in kilograms (Fig. 1).

There are some differences of opinion as to whether
the rehydration period should be 24, 36, or 48 h in du-
ration. In our experience, a period longer than 24 h with
very slow correction of hydration results in persistent ac-
idosis. However, if there is severe hyperosmolarity, a 36–
48 h rehydration period should be calculated.

B. Insulin

For many years, the conventional mode of insulin therapy
in DKA was intermittent subcutaneous injections of crys-
talline insulin. Fairly high doses (100–200 units) were
recommended, particularly in adults (44). In children, the
tendency was to use slightly lower doses, although these
would still be considered high compared with the low
doses currently shown to be effective. Since the mid-
1970s, a number of studies in both adults and children
have shown that low-dose intravenous or intramuscular
insulin delivery corrects the hyperglycemia and ketoaci-
dosis in DKA as rapidly and effectively as the previously
used high doses. With lower insulin doses, more physio-



676 Becker et al.

Figure 1 Calculation of maintenance fluid levels.

logical circulating insulin levels are achieved, and hypo-
glycemia, hypokalemia, and hypophosphatemia have been
shown to occur less frequently in comparative studies
(45,46). Thus, low-dose insulin therapy compared to that
used in adults is the treatment of choice in children with
DKA because this level of insulin delivery achieves its
goal in the majority of cases (47,48). Occasionally, a pa-
tient appears to have a greater than usual degree of insulin
resistance, requiring slightly higher doses for reversal of
the ketoacidotic state.

The choice of insulin delivery route should depend
on the condition of the patient and the facilities available.
If DKA is very mild with minimal acidosis and dehydra-
tion, the subcutaneous route is convenient and effective,
especially if the patient does not require intravenous re-
hydration. The dosage regimen is approximately 0.25
units/kg regular insulin given every 4–6 h prior to meals.
Regular insulin given subcutaneously delivers therapeutic
doses for approximately 4 h, with the duration of action
being 6 h at most. Therefore, patients must receive insulin
at least every 4–6 h, even during the night, and if they
are not eating, in order to prevent recurrent ketosis. The
dose given during the night can be decreased slightly if
ketosis is nearly cleared and should always be accompa-
nied by a small meal.

If the patient is significantly dehydrated, subcutane-
ous insulin is poorly and irregularly absorbed. Under these
circumstances, the intravenous route is preferred for in-
sulin delivery by means of a continuous infusion of 0.1
units/kg/h after an initial loading bolus of 0.1 units/kg.

Although some investigators believe that a loading dose
is not necessary (49), it seems logical to achieve physio-
logical insulin levels immediately, particularly in the pa-
tient who has not had prior insulin therapy. The insulin is
delivered in a fairly concentrated solution (approximately
1 unit/ml in normal saline) with the infusion controlled
by a syringe pump through a line, which is connected
piggyback to the rehydration intravenous infusion set us-
ing as short tubing as possible. A change of the syringe
or infusion bag every 12 or 24 h and the use of concen-
trated solution of insulin minimize the problems of insulin
adherence to the plastic of the infusion system. Thus, the
use of albumin has not been necessary (50). Mixing in-
sulin in the rehydration fluid directly is dangerous because
the delivery rate will depend on the rate of rehydration
rather than on insulin need. In addition, these dilute so-
lutions of insulin have a greater propensity for loss of
insulin onto the surface of the infusion apparatus.

The advantage of the intravenous delivery of insulin
is the smooth pattern of circulating insulin levels
achieved. The physician is able to increase or decrease the
amount of insulin delivered with immediate effect, since
intravenous insulin has a half life of 3–8 min. Contrary
to popular belief, the patient does not require greater vig-
ilance from a biochemical standpoint when insulin is in-
fused intravenously. The same care is needed irrespective
of the route of insulin delivery. However, greater care is
required to ensure that the intravenous delivery system
and the pump are working effectively. A number of cli-
nicians believe that constant intravenous infusion of in-
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sulin should not be used in community hospitals that do
not have adequate facilities, particularly the use of some
type of pump system. The use of intravenous insulin bo-
luses should be discouraged, as it results in supraphysio-
logical levels with a rapid decline, possibly stimulating
an enhanced secretion of counterregulatory hormones
(47,51).

Intramuscular insulin delivery with a loading dose of
0.25 units/kg followed by 0.1 units/kg/h has been used
with the same success as the continuous intravenous
routes (52). The disadvantage of this mode of therapy is
the repeated pain of an intramuscular injection, which is
avoided with the use of intravenous routes.

The amount of insulin given initially should be tai-
lored so that the drop in blood glucose level is approxi-
mately, but no more than, 100 mg/dl/h. If the blood glu-
cose level drops more rapidly than this rate after the first
2 h of rehydration, the insulin dose should be reduced. If
it drops to less than 75 mg/dl/h, the insulin dose rarely
may have to be increased. In general, as long as there is
ketosis, it is preferable to add 5% dextrose water to the
hydration solution to prevent excessive glucose decre-
ments once the serum glucose is below 500 mg/dl, but
this is rarely needed.

Continuous intravenous insulin is administered until
the acidosis is corrected, the hyperglycemia under control,
and ketonemia virtually absent. Ketonuria will persist for
some time after correction of metabolic acidosis. If a pa-
tient is able to eat meals prior to achievement of these
goals, a small increment of insulin should be given to
cover the anticipated hyperglycemia. A dose of subcuta-
neous insulin (0.1–0.25 units/kg, depending on the am-
bient blood glucose level, ketosis, and appetite) should be
given approximately 30 min prior to the discontinuation
of intravenous insulin. The patient should then be given
subcutaneous insulin, 0.2–0.25 units/kg every 4–6 h. The
next 24 h should be used to evaluate the patient’s total
dose requirements. Thereafter, a regimen of intermediate-
acting plus short-acting insulin can be started, with the
total long-acting dose requirement approximately close to
the previous day’s total crystalline insulin dose. Short-
acting insulin is given as needed, starting with approxi-
mately the same dose of short-acting insulin as had been
used in a single injection on the prior day.

C. Potassium

Potassium should be started when the initial insulin dose
is given, unless severe hyperkalemia (K� > 6 mEq/l) is
present. Potassium is given prophylactically to prevent
dangerous hypokalemia from occurring with the move-
ment of serum potassium back into the cells or into the
urine. Electrocardiographic (ECG) monitoring is very use-
ful in indicating hyperkalemia and hypokalemia, by dem-
onstrating peaked T waves in the former and U waves in
the latter. Intracellular potassium deficiency, even when it
occurs without accompanying hypokalemia, can result in

gastric stasis, ileus, and arrhythmia. Failure to replace po-
tassium was a frequent cause of death in DKA in the past
and is required even when low-dose insulin therapy is
used. If bicarbonate is administered, a greater amount of
potassium may be needed. In all dehydrated patients, po-
tassium should be started at a rate of 20–40 mEq/l with
the intravenous rehydration fluid. If, despite this therapy,
the plasma potassium levels drop into the hypokalemic
range (K� < 3.5 mEq/l), a higher concentration even up
to 60 and rarely 80 mEq/l may be necessary. Hourly se-
rum potassium monitoring is required until the patient is
stable (usually 6–8 h) and thereafter the frequency can be
decreased. Under most circumstances, it is safe to give
the potassium in the form of potassium chloride: it is un-
likely that the additional chloride administration will sig-
nificantly contribute to the degree of hyperchloremia that
is sometimes seen. If necessary, half the potassium can be
given as potassium chloride and the other one-half as po-
tassium phosphate (see discussion below). It should be
remembered that 80% of the administered potassium can
be lost in the urine during the first 24 h, and continued
oral potassium supplementation in the diet is recom-
mended after an episode of ketoacidosis. Most normal di-
ets contain enough potassium to replenish the body’s
stores.

D. Phosphate

Phosphate is lost from the intracellular space by the same
mechanism as that causing potassium depletion. The in-
stitution of insulin therapy causes a drop in serum phos-
phate in the majority of patients, resulting occasionally in
severe hypophosphatemia. The inclusion of phosphate in
the rehydration solution is a subject of continued contro-
versy. The administration of phosphate supplements in the
treatment of DKA can prevent early but not late hypo-
phosphatemia and has been reported to maintain normal
2,3 DPG levels, although this has not been shown to be
associated with improved peripheral oxygen delivery (10).
Although there is one report of phosphate therapy im-
proving the level of consciousness in patients with DKA
(53), such is not the case in our experience (11). High-
dosage phosphorus supplementation, in children particu-
larly, which is a risk in dehydrated patient requiring large
fluid volumes, is associated with the development of se-
vere hypocalcemia and tetany (54). By contrast, low-dos-
age phosphate therapy in our studies does not prevent late
hypophosphatemia because most of the supplement is lost
in the urine, particularly in patients with severe initial ac-
idosis who require bicarbonate therapy (11). Total serum
calcium, but not ionized serum calcium, is diminished in
many ill patients with DKA even without the use of phos-
phate supplements (11). Because the severe complications
of hypophosphatemia are rarely, if ever, described in chil-
dren with DKA, and because the benefits of phosphate
therapy are not demonstrated conclusively, many pedia-
tricians believe that there is at present no indication for
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routine phosphate therapy because of the concomitant risk
of hypocalcemia. However, others hold that severe hy-
pophosphatemia per se may be dangerous and that careful
supplementation with phosphate with continuous moni-
toring of serum calcium and phosphorus levels and clin-
ical signs of hypocalcemia is a logical form of therapy.
In the severely ill patient with DKA, a rational approach
is administration of half the potassium as potassium chlo-
ride and the other half as potassium phosphate once the
serum phosphorus level starts falling below 3 mg/dl.
Phosphate should preferably be given independent of po-
tassium needs as a sodium phosphate solution in a dosage
of approximately 4 mM/kg over 12 h. Dietary phosphate
supplements may need to be continued after intravenous
rehydration has stopped, in order to correct the total body
phosphate deficit and maintain normal intracellular levels
of 2,3 DPG.

E. Magnesium

Although magnesium loss in the urine with intracellular
depletion has been documented in DKA, its clinical ef-
fects are not clear (37). Thus the replacement of magne-
sium in the rehydration fluid is not commonly carried out.
However, severe magnesium depletion can be associated
with transient hypoparathyroidosm and hypocalcemia. Im-
provement in resistant hypocalcemia and carpopedal
spasm has been reported in one child with DKA after
magnesium supplementation (54).

F. Bicarbonate

Bicarbonate administration is, perhaps, one of the most
controversial areas in the therapy of DKA (55). It is
agreed that severe acidosis, particularly in very young
children, should be treated with bicarbonate because the
risk of arrhythmia, reduced cardiac contractility, and pos-
sible contribution to circulatory collapse and insulin re-
sistance. The most important danger is impaired ventila-
tory capacity. There is a debate about the definition of
severe acidosis. The reason for avoiding the use of bicar-
bonate is its potential effect on cerebrospinal fluid pH
(56), the production of severe hypokalemia (55), the pos-
sibility of hypophosphatemia (11), and the excessively
rapid shift of the oxygen dissociation curve to the left.
This would result in reduced tissue oxygenation, particu-
larly in the presence of diminished 2,3 DPG (55), and the
possibility of persistent ketosis as shown in a small-human
and animal study (57). Because the paradoxical drop in
CNS pH occurs in patients given bicarbonate and in those
not given bicarbonate (58), this danger has been de-em-
phasized recently. However, the effect of bicarbonate ad-
ministration on CNS oxygen tension, and its possible role
in the production of cerebral edema in dogs, have made
a number of physicians very cautious about its use (59).
This concern has been emphasized by the identification of
treatment of DKA with bicarbonate in very dehydrated

children being a major risk factor for cerebral edema
(60,61).

Our current recommendation is to add bicarbonate to
the rehydration fluid if the serum pH is less than 7.2. The
amount to be replaced is calculated to correct the serum
bicarbonate to a level of 12 mEq/l, and it is given over
4–6 h without any bolus administration. Bicarbonate ther-
apy is discontinued as soon as the venous bicarbonate
level has reached 12 mEq/l, even when the calculated
amount has not yet been delivered. To calculate the
amount of bicarbonate needed, one subtracts the actual
serum bicarbonate level from 12, and multiplies that value
by the weight in kilograms and a correction factor of 0.6.
The calculated amount of bicarbonate to be given is added
to the intravenous fluids as sodium bicarbonate, taking
into consideration that the concentration of sodium chlo-
ride has to be decreased proportionally to reach an ade-
quate concentration of sodium in the fluid. This bicarbon-
ate is to be delivered to the patient in a slow infusion over
4–8 h and never as a rapid (IV push) bolus.

G. Glucose

As the patient’s serum glucose level approaches 250–300
mg/dl, or possibly when the serum glucose level falls at
a rate greater than 100 mg/dl/h, glucose is added to the
intravenous fluid, usually as 5% dextrose water and half-
normal saline. If the serum glucose level continues to fall
rapidly, 10% dextrose water is given to provide calories
to the patient who has had a major caloric loss over the
preceding few weeks. Preventing the drop in blood glu-
cose level below 250 mg/dl is based on studies by Arieff
and Kleeman showing that cerebral edema can be induced
in rabbits if the blood glucose level drops rapidly below
this level from hyperglycemic levels (62). Thus glucose
is added to prevent both a blood glucose decrement of
more than 100 mg/dl/h from high levels and to allow the
development of normoglycemia from 250 mg/dl slowly.
Avoidance in a rapid drop of osmolarity is probably more
important than the actual serum glucose level, but this has
not been studied formally.

H. Other Therapeutic Considerations

If the patient is extremely acidotic and in shock, the ad-
ministration of oxygen for a short time may improve pe-
ripheral oxygen delivery. Catheterization of the bladder is
rarely necessary and carries with it the risk of infection.
If the patient is unconscious, nasogastric suction is nec-
essary to prevent the aspiration of vomitus. Under all cir-
cumstances, the event precipitating the episode of DKA
should be sought and treated accordingly. During therapy,
continuous clinical and biochemical monitoring is man-
datory. Initially, hourly measurements should be made of
plasma glucose, electrolyte levels, osmolarity, and blood
gas values. Serum calcium and phosphorus concentrations
should be measured intermittently. The frequency of elec-
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trolyte measurements can be decreased as the patient’s
condition improves, although blood glucose levels should
be obtained every hour. Accurate measurements of fluid
intake and output should be made with appropriate
changes in the therapeutic regimen. If possible, the patient
should be treated in a metabolic ward or intensive care
unit, where the staff is fully conversant with the therapy
of DKA. Careful watch for the complications of DKA
should be maintained throughout the first 12–24 h of
therapy.

VIII. COMPLICATIONS OF DKA

A. Persistent Acidosis

Persistent acidosis may or may not be accompanied by
continued hyperglycemia and may be related to insulin
resistance, requiring a higher insulin dose regimen. How-
ever, the usual cause is unrecognized or untreated infec-
tion or inadequate fluid replacement.

B. Overhydration

Overhydration results from overestimation of the initial
fluid deficit or failure to monitor the patient’s fluid balance
during the course of therapy. Overhydration may result in
peripheral edema or even cardiac failure in the very young
child. Peripheral edema (known as insulin edema) may
also be caused by hypoalbuminemia, which is frequently
seen during the correction of DKA because of shifts of
albumin from the intra- to the extravascular space (11).

C. Hypoglycemia

Often hypoglycemia occurs 8–12 h after the initiation of
therapy if serum glucose levels are not monitored regu-
larly. This complication is less likely to occur with the use
of low-dosage insulin regimens (63). Hypoglycemia is a
possible cause of lethargy, disorientation, and recurrence
of coma or seizures. It is easily preventable by increasing
glucose delivery or reducing the insulin dose as soon as
low serum glucose levels are seen during hourly moni-
toring.

D. Hypokalemia

Low serum potassium levels reflect even lower intracel-
lular concentrations. These intracellular potassium deficits
account for some of the symptoms accompanying DKA,
such as gastric stasis and ileus. If sufficient potassium sup-
plements are not given, classic ECG changes of hypoka-
lemia are observed. Hypokalemia is potentially lethal,
causing cardiac arrhythmia. Serum potassium levels
should be monitored carefully even if insulin is given sub-
cutaneously and oral hydration is possible.

E. Cerebral Edema

Cerebral edema is the most feared complication of DKA,
occurring in 0.2–1% of children with DKA and more fre-
quently in children than in adults. It has very high mor-
tality and morbidity rates. It most commonly occurs after
3–12 h of therapy, even in patients who did not have
significant hyperosmolarity. After initial improvement in
clinical, biochemical, and CNS signs, patients experience
greater irritability, CNS depression, and, later, seizures
and coma. These conditions may occur even without ob-
vious papilledema. The pathogenesis remains an enigma.
A number of theories attempt to explain cerebral edema,
none of which is entirely satisfactory or proven (43,64).
These theories include the following:

1. A rapid drop in the blood glucose levels below
250 mg/dl. However, of the 17 patients reported in the
medical literature, only nine had glucose levels that
reached this range (43).

2. A rapid drop in serum osmolarity or severe hy-
ponatremia. It is difficult to assess accurate sodium levels
because of the associated hyperlipidemia in some of these
patients. Despite this difficulty, the serum sodium levels
were not lower than 130 mEq/l in seven of the reported
cases. Also, rapid changes in serum osmolarity could not
be documented (43,65). However, another study reports
that progressive hyponatremia was a distinctive factor in
children who developed cerebral edema (66). This sup-
ports our experience.

3. Overhydration or rapid fluid administration.
Again, the theory is difficult to prove because many pa-
tients who receive the same amount of intravenous fluids
as those who develop cerebral edema do not have any
adverse effects. In the patients reported, the amounts and
rates of fluid administration were variable. In addition,
two patients had received only oral fluids prior to the de-
velopment of cerebral edema (43).

4. Increased polyol activity in the brain. It is pos-
tulated that the accumulation of osmotically active sorbitol
in the brain can account for the elevated CNS pressure
documented in the majority of patients with DKA who
were studied. However, it seems that the osmotic contri-
bution of sorbitol is not sufficient to cause cerebral edema
(67,68).

5. Cerebral anoxia associated with decreased 2,3
DPG levels. Rapid bicarbonate infusion or change in pH
could precipitate such an event (59). This treatment was
not unusual in the patients reported in the medical liter-
ature. However, cause and effect have not been proven.

6. An increase in the insulin induced Na�/H� an-
tiporter pump activity, which increases the accumulation
of intracellular fluid by increasing sodium movement into
the brain cells. An exchange with ketone bodies may also
be involved (69).

A number of other mechanisms have also been pos-
tulated, but none has been proven (64). However, the fact
that the frequency of cerebral edema appears to be de-
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creasing suggests that slow, careful therapy with insulin
fluid and electrolytes may be important in its prevention.

A patient who shows any signs of cerebral edema
should be immediately treated with mannitol with appro-
priate cerebrospinal fluid pressure monitoring in an inten-
sive care unit. Confirmation with a CT scan is not always
possible and may be difficult without a baseline image.
However, magnetic resonance imaging (MRI) may be use-
ful to exclude infarction as a cause of the cerebral pa-
thology seen in the pediatric DKA population in our cen-
ter and elsewhere (64).

IX. PREVENTIVE THERAPY

The development of DKA in the child or adolescent with
previously diagnosed diabetes mellitus is caused by a fail-
ure of therapy, the responsibility of which must be borne
by the patient, the family, the physician, and the entire
therapeutic team. DKA certainly should be preventable in
the patient with previously diagnosed diabetes. Proper
daily blood or urine monitoring, or both, by the patient
or family should identify metabolic alterations that may
lead to DKA and thus allow initiation of therapeutic in-
tervention, which should prevent the progression of the
metabolic problem. Frequent daily monitoring of blood
glucose and the initial morning urine specimen for ketones
should allow appropriate preventive therapy. The presence
of ketones necessitates that each voiding thereafter be
checked. The persistence of small amounts of ketones for
more than 3 h or the presence of large concentrations is
an indication to contact the physician for specific direc-
tions.

General principles for preventive management in-
clude an increase in oral fluid intake and the administra-
tion of additional regular insulin at a dosage of 0.1–0.25
units/kg every 3–4 h or ultra-short-acting insulin every
2–3 h in the presence of persistent ketonuria. The devel-
opment of nausea and continuous vomiting requires ex-
amination by a physician and, frequently, hospitalization.
Temperature elevation should also be reason for direct ob-
servation by the physician. The usual childhood illnesses,
such as flu, laryngitis, tonsillitis, and otitis media, which
may be tolerated by the average child with little or no
major disability, may rapidly lead to major metabolic dis-
order in the child with diabetes. The parents must under-
stand that early contact with their physician is essential to
prevent DKA. The availability of a 24 h hotline is most
important in ensuring that the families of diabetic children
receive prompt and accurate direction for the management
of impending illnesses.

A particular problem has arisen since the widespread
acceptance of home blood glucose monitoring. It is the
position of most patients and many physicians that the
utilization of blood glucose level observations makes ke-
tone testing superfluous. This is not true. Observation of
blood glucose concentration provides no information on

the presence or absence of ketonuria or ketonemia. Al-
though it is true that DKA rarely occurs in the presence
of normal or modestly elevated blood glucose values, it
is also true that many children and adolescents do not
perform accurate measurements of blood glucose concen-
trations. The child who is performing only one or two
blood glucose determinations daily may not record per-
sistent or episodic hyperglycemia. Those patients with
previously diagnosed diabetes admitted for treatment of
ketoacidosis who were supposedly monitoring blood glu-
cose concentrations carefully almost certainly would have
been alerted earlier about a change in metabolic status if
ketones had been checked.

Despite the best intentions and careful observation
and intervention by the family, a small number of cases
of DKA in individuals with known diabetes will almost
inevitably continue to occur. Most of these cases will be
the result of emotional stress in children and family with-
out a rapid response and early intervention. The use of
very-short-acting insulin in insulin pumps is another more
recent common factor. The interruption of its delivery can
cause rapid ketoacidosis because there is no insulin res-
ervoir. The other major group of patients who may de-
velop acute-onset DKA are those with acute infections,
usually viral and associated with gastroenteritis. A pre-
ventive approach to DKA is essential if the cost and the
mortality associated with IDDM in children are to be re-
duced. Education about diabetes and its complications is
the cornerstone upon which this approach must be con-
structed. The utilization of a therapeutic team, including
physician, diabetes nurse–educator, dietician, and social
worker–behaviorist, will enhance the likelihood that ade-
quate education will be delivered and continuing needs
met. Prompt attention to recurrent illnesses, even minor
ones, is essential. DKA in the child can and should be
prevented.
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Autoimmune Endocrinopathies
William E. Winter
University of Florida College of Medicine, Gainesville, Florida, U.S.A.

I. AUTOIMMUNITY AND AUTOIMMUNE
DISEASES

A. Role of the Immune System

Cells of the immune system, including macrophages, T
lymphocytes (e.g., T cells), and B lymphocytes (e.g., B
cells), must recognize one another as well as somatic
cells of the body to achieve proper intercellular com-
munication (1) (Fig. 1). This recognition is afforded by
polymorphic cell surface molecules encoded by genes
within the major histocompatibility complex (MHC), as
well as by various adhesion and other cell-cell recogni-
tion molecules (2). The human MHC, which is termed
the human leukocyte antigen (HLA) complex, is located
on the short arm of chromosome 6. By differentiating
self from nonself (a process sustained by thymic T-
lymphocyte education, B-lymphocyte education, and pe-
ripheral T-cell tolerance), the immune system is able to
recognize and react to foreign antigens, providing pro-
tection from microbiological invasion and certain can-
cers that express ‘‘new’’ antigens.

The immune system must survey or monitor two ma-
jor spaces of the body: the cytoplasmic space and the ex-
tracellular/intravesicular space. Class I MHC molecules
(HLA-A, B, and C in humans) monitor the cytoplasm of
nucleated cells whereas the extracellular/intravesicular
space is surveyed by class II MHC molecules (HLA-DR,
DQ, and DP in humans). The intravesicular space is the
space that exists within cellular vesicles formed during
pinocytosis and phagocytosis of extracellular materials.

B. Communication Between Cells via MHC
Molecules: Class I MHC Molecules

Class I MHC heavy chains are each encoded by single
loci within the HLA complex. At the cell surface, each
HLA-encoded chain is coexpressed with beta-2-micro-

globulin as the class I MHC molecule. The molecules pre-
sent cytoplasmic peptides, both self and nonself, to CD8
T cells (e.g., lymphocytes). Class I MHC molecules are
found on the surfaces of all nucleated cells. If an activated
CD8 T cell recognizes a peptide, usually viral in origin,
presented by a class I MHC molecule, that CD8 T cell
will function as a cytolytic-T lymphocyte (CTL or Tk
[killer] cell) and will induce apoptosis in the cell pre-
senting the peptide that was recognized (Fig. 2). Differ-
ences in MHC molecules between donor and recipient
play a major role in foreign tissue rejection serving as the
classically described transplantation antigens.

Apoptosis is programed cell death. In apoptosis, the
apoptotic cell essentially involutes, breaks into fragments
contained within plasma membrane, and undergoes an
‘‘intracellular’’ necrosis where intracellular materials are
not released to the extracellular space until the cell has
fully autodigested. In response to viral infection, apoptosis
does not release viable virions: as the cell autodigests, the
intracellular virus is also digested, protecting adjacent
cells from exposure to potentially infectious virus. Cyto-
lytic-T lymphocytes (e.g., T killer cells) represent the ‘‘ef-
fector’’ stage of activated CD8 positive T lymphocytes. T
cells, both CD4 and CD8, predominantly use alpha/beta
T-cell receptors to recognize MHC-presented peptides (3).
Gamma/delta-bearing T cells represent about 5% of cir-
culating T cells and are in high concentration along mu-
cosal surfaces such as in the Peyer’s patches in the gut.
The role of such gamma/delta T cells is still poorly un-
derstood.

Upon recognizing a ‘‘target’’ cell, the CD8-positive
Tk cell juxtaposes its cell membrane against the target cell
and inflicts cell membrane damage by the release of per-
forin, a C9-like protein that forms pores in the target cell
membrane. In the target cell, plasma membrane holes are
produced by perforin, and granzymes enter the target cell
cytoplasm through these holes to induce apoptosis. Apo-
ptosis can also be induced in the target cell via membrane
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Figure 2 Cytoplasmic antigens, either endogenous or exogenous (e.g., viral infection), are processed by proteasomes to
peptides. These peptides are transported into the lumen of the rough endoplasmic reticulum (RER) by transporters associated
with antigen processing (TAP). Once the class I MHC molecule is loaded with peptide, a transport vesicle buds from the RER.
This vesicle passes through the Golgi complex to fuse eventually with the plasma membrane, where the class I MHC molecules
and peptides are oriented to the outside of the cell. In this way, class I MHC molecules display cytoplasmic contents (e.g.,
peptides) to CD8 T cells. MHC, major histocompatibility complex; TCR, T-cell receptor.

contact between the CD8-Tk-cell-expressed cell-surface
molecule FAS ligand and FAS on the target cell surface.

C. Communication Between Cells via MHC
Molecules: Class II MHC Molecules

Class II MHC molecules present extracellular peptides to
CD4-positive T-helper cells to initiate immune responses
that culminate in humoral and/or cell-mediated responses
designed to remove the invader from the body (Fig. 3).
These heterodimeric molecules (HLA-DR, DP, and DQ in
humans) are restricted in their distributions to specialized
antigen-presenting cells (APCs): monocyte-derived cells,
B lymphocytes, and dendritic cells found in lymph nodes.
Monocyte derived-cells include tissue macrophages,
Kupffer’s cells that line the liver sinusoids, alveolar mac-
rophages, central nervous system microglia, and glo-
merular mesangial cells. Via class II MHC molecules,
such APCs present (e.g., display) extracellular-derived
peptides to the alpha/beta T-cell receptors of CD4 T cells.
Almost all infectious agents in some stage of their life
cycle pass through the extracellular space of the cell and
thus these agents (or their toxic products) can be presented
to CD4 T cells.

Initial MHC typing (e.g., allele identification and
classification) in animals was discovered and accom-
plished by tissue transplantation. This lead to the naming
of these molecules as histocompatibility antigens. Sero-
logical typing of class I and class II MHC molecules fol-
lowed. In the 1990s DNA-sequence-based allele typing

became a reality using a variety of molecular techniques
including allele-specific polymerase chain reactions
(PCR), allele-specific oligonucleotide probes, and direct
sequencing of PCR-amplified gene segments. Based on
classic cellular immunology, the in vitro mixed lympho-
cyte reaction results primarily from differences in class II
MHC molecules.

As a population, humans express a large number of
different class I and class II MHC alleles. This ensures
that the population as a whole should be able to present
peptides from any potential pathogen to T cells and thus
react to that pathogen in a protective manner. In a single
individual, up to six different class I MHC molecules can
be expressed when the individual is heterozygous at each
of the HLA-A, HLA-B, and HLA-C loci. Because some
class II MHC alpha and beta DP and DQ chains from the
maternal and paternal chromosomes can pair (e.g., trans-
complementation), theoretically a single individual can
express up to 12 different class II MHC molecules. Mo-
lecular cloning of the HLA genes and sequence analysis
has revealed a tremendous degree of MHC genomic poly-
morphism in the human population. A recent count of the
various MHC alleles is presented in Table 1.

D. Coordination of the Acquired Immune
Response: CD4 Th1 and Th2 Cells

The CD4 T cells orchestrate (e.g., direct) the immune re-
sponse. CD4 T-cell function can be described in two po-
larized functional modes: Th1 cells and Th2 cells. The
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Figure 3 Within the rough endoplasmic reticulum (RER), class II MHC molecules bind the invariant chain that protects the
class II MHC molecule from inadvertent loading by cytoplasmic peptides. A transport vesicle containing the class II MHC-
invariant chain complex buds from the RER and passes through the Golgi complex. Extracellular antigens are taken up by
specific antigen-presenting cells via phagocytosis or pinocytosis. The resulting phagosome then fuses with an endosome. Within
the phagoendosome, antigen is degraded and peptides result. Fusion of the phagoendosome with the class II MHC transport
vesicle forms the MHC class II compartment (MIIC). The low pH of the phagoendosome degrades the invariant chain, allowing
peptide loading into the class II MHC molecule. Fusion of the MIIC with the plasma membrane allows the class II MHC
molecules to be placed on the plasma membrane displaying peptides to CD4 T cells.

Table 1 Number of MHC Alleles
per locus

MHC Alleles No.

Class I MHC molecules
HLA-A 95
HLA-B 20
HLA-C 50

Class II MHC chains
DP� 80
DP� 12
DQ� 35
DQ� 20
DR� 239
DR� 1

Th1 cells are responsible for stimulating cell-mediated im-
munity including activation of CD8 T cells, macrophages,
and natural killer (NK) cells (4). Th1 and Th2 cells can
both play a role in activating B cells, thereby stimulating
humoral (antibody-mediated) immunity. Extracellular in-
vaders such as bacteria and viruses are opsonized by an-
tibody and complement and are then phagocytosed by
granulocytes or macrophages to clear these pathogens.
Fungi are phagocytosed and destroyed by Th1-activated
macrophages. If the pathogen has reached the cell’s cyto-
plasm, the CD8 T cell will activate apoptosis in that host
cell to destroy the pathogen and its site of reproduction.

The primary difference between Th1 and Th2 cells is
in the cytokines that they secrete: Th1 cells release inter-
leukin-2 (IL-2, T-cell growth factor), gamma interferon
(IFN-�) and IL-12, whereas Th2 cells release IL-4, IL-5,
IL-6, and IL-10. Each subset secretes cytokines that also
regulate the other subset: IFN-� from Th1 cells suppresses
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Th2 cells and IL-10 and transforming growth factor beta
(TGF-�) (5) from Th2 cells suppress Th1 cells. A third
subset of CD4 T cells has also been described that is pres-
ent in mucosa activated by mucosal antigen presentation.
These so-called Th3 cells secrete the immunosuppressive
cytokine TGF-� as do Th2 cells.

E. Autoimmunity and Central Tolerance:
T Cells

Autoimmunity is a disorder of self–nonself recognition
whereby self is recognized aberrantly as nonself and an
autoreactive process occurs. If sufficient damage is in-
curred in the target tissues, circulating proteins, or cells,
a clinically recognizable autoimmune disease results.
Pathological autoreactivity could result in pathogenic au-
toantibodies and/or an antiself cell-mediated immune re-
sponses that would serve as the effectors of the autoim-
mune process. Autoreactivity to self-antigens that could
induce autoimmune diseases is normally restricted by the
phenomenon of immunological tolerance.

Tolerance is the active process by which the immune
system does not normally develop an effector response to
self-antigens (6). T-cell tolerance is acquired by the time
of birth and is necessary to ensure that the body does not
mount an immune response to self. Central T-cell toler-
ance results from self–nonself discrimination that occurs
in the thymus during T-cell development (7). In the thy-
mus, T cells must express CD4, CD8, and a TCR during
T-cell thymic ontogeny. Developing T cells, called thy-
mocytes, must be able to recognize self-MHC to avoid
apoptosis; however, excessive adherence to self-MHC
(which might trigger autoimmunity) also leads to apo-
ptosis. This destruction of antiself T cells in the thymus
results in so-called clonal deletion.

In the process of clonal deletion, T cells that have
been rescued by their initial interaction with self-MHC
will be induced to undergo apoptosis at the thymic cor-
ticomedullary junction if their TCR interaction with
MHC is excessively strong. Ultimately in the thymus,
CD8 T cells survive because of their modest ability to
perceive class I MHC molecules; CD4 T cells survive
because of their modest ability to perceive class II MHC
molecules.

Normally T-cell thymic ontogeny results in T cells
exiting the thymus that recognize self-MHC molecules
and, presumably, foreign peptides. However, these T cells
do not strongly recognize self-peptides. The ability of T
cells to recognize MHC is critical to the antigen–peptide-
presenting role of MHC molecules. There would be no
purpose for TCRs to interact, for example, with self-sur-
face molecules that do not present peptides. The ability
of TCRs to perceive peptides presented by one’s own
MHC molecules is termed MHC restriction. The TCR rec-
ognizes the presented peptide plus a portion of the MHC
molecule.

F. Autoimmunity and Central Tolerance:
B Cells

Tolerance towards self antigens is primarily a function of
T cells. However developing B cells can undergo toleri-
zation: IgM-positive, IgD-negative immature, naive B
cells upon exposure to antigen will either be anergized or
induced to undergo apoptosis. When a B cell is tolerized
but does not die, the B cell is said to be anergized. If the
tolerized B cell is induced to undergo programed cell
death, the B cell undergoes apoptosis. Anergy results
when few antigenic epitopes interact with the B-cell re-
ceptors. On the other hand, apoptosis is triggered when
multiple antigenic epitopes interact with the B-cell recep-
tors, providing a more powerful tolerization signal. B-cell
tolerance is a continuing process because B cells are pro-
duced by the bone marrow throughout an individual’s life.

G. Autoimmunity and Peripheral Tolerance:
T Cells

Peripheral tolerance (or anergy) has evolved, presumably,
because not all antigens necessarily enter the thymus dur-
ing T-cell ontogeny (8) (Fig. 4). Initial T-cell activation,
regardless of whether the cell is a CD4 or CD8 T cell,
requires two signals. One signal is antigen–peptide-spe-
cific via MHC-TCR whereas the second signal is antigen-
nonspecific (e.g., CD28 of the T cell interacting with B7
on the cell expressing the MHC molecule). Peripheral tol-
erance results when the antigen-specific signal is present
(e.g., self-MHC do present self-peptides) but the second
activation signal is absent. In fact, once exposed to anti-
gen peptide in the absence of the second signal, the T cell
can not respond in the future and is thus essentially per-
manently anergized. This aspect of peripheral tolerance
produces so-called clonal anergy. Defects in T-cell sig-
naling are hypothesized to play a role in loss of tolerance
in type 1 diabetes (9).

H. Autoimmunity and Peripheral Tolerance:
B Cells

Peripheral tolerance in terms of B cells occurs via T-cell
tolerance. Like T cells, B cells require two sets of signals
to become activated. One set of signals comes from the
interaction of the B-cell receptor (surface antibody) and
the antigen, and the second set of signals comes from
helper CD4 T cells of either the Th1 or Th2 subclasses.
If the antigen is bound by B-cell surface antibody but
there is no T-cell help, the B cell will not be activated,
will not proliferate, will not class switch, and will not
undergo affinity maturation. Therefore naive mature B
cells without T-cell help (because the T cells are tolerant)
should not produce large amounts of high-affinity IgG au-
toantibodies.
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Figure 4 In the thymus, exposure of developing T cells to antigen peptides produces clonal deletion of such potentially
autoreactive T cells. This process can be described as central thymic tolerance. T cells that leave the thymus and subsequently
encounter novel self-antigen not previously seen in the thymus can be anergized producing peripheral tolerance. The remaining
T cells are then available to respond to nonself antigens, elaborating a protective immune response.

I. Autoimmunity and Loss of Tolerance

When a breakdown in tolerance occurs, the immune sys-
tem recognizes self as foreign and mounts a humoral and/
or cell-mediated immune response that can result in an
autoimmune disease (10). Only one autoimmune disease
has been shown to be monogenic (autoimmune polyglan-
dular syndrome type 1) (11), while all other autoimmune
diseases are polygenic (12). Loss of tolerance can occur
by many theoretical routes. However, loss of peripheral
tolerance is thought to be the most reasonable explanation
based upon the highly selective nature of organ-specific
autoimmune responses and diseases. As an alternative, tol-
erance may have never been initially developed (13). Loss
of peripheral tolerance most likely results from molecular
mimicry (14). Molecular mimicry occurs, theoretically,
when an immune response to a foreign antigen cross re-
acts with a self antigen leading to clinical disease. Mo-
lecular mimicry is likely in the prototypic autoimmune
disease rheumatic fever. Examples of molecular mimicry
include similarities in the antigenic structure of group A,
�-hemolytic Streptococcus, and antigens found in the
heart (producing carditis), joints (resulting in arthritis),
and basal ganglia (eliciting chorea). For example, cardiac
myosin shares certain antigenic epitopes with streptococ-
cal M protein. Similarities between HLA antigens and
bacterial antigens have been described in reactive arthri-
tides associated with intestinal infection (e.g, Proteus).
For example Klebsiella nitrogenase and HLA-B2 are
cross-reactive and implicated in the pathogenesis of an-
kylosing spondylitis and Reiter’s syndrome (arthritis, con-
junctivitis, and urethritis). Further cross-reactivities are
described among collagen antigens and mycobacteria.

Mycobacterial proteoglycan wall component and cartilage
protein cross-reactivity has been described in rheumatoid
arthritis. Other theories of how tolerance fails or is broken
include failure of thymic clonal deletion (15), failure of
peripheral tolerance, sequestered antigen theory, altered
self-antigen (16), aberrant class II MHC expression, su-
perantigen theory of autoimmunity, and polyclonal B-cell
stimulation.

The factors that lead to a disruption in self-tolerance,
resulting in autoimmunities, have not been fully identified
(17). To a large degree, this phenomenon is genetically
programmed, since autoimmune diseases are frequently
associated with specific immune response gene alleles
(e.g., specific HLA types). For example, ankylosing spon-
dylitis is increased in frequency in men who especially
carry the HLA-B27 allele. Systemic lupus erythematosus
(SLE) is more common in HLA-DR2 positive individuals.
Environmental influences, including viral infections and
diet, are also often implicated in the triggering of auto-
immune processes. As noted previously, molecular mim-
icry between an environmental antigen and an endogenous
antigen could lead to autoimmunity. Amino acid sequence
homologies have been described between Coxsackievirus
and the beta-cell autoantigen, glutamic acid decarboxylase
(GAD). Whereas eradication of virally infected cells by
T-cell lysis provides an important defense against viral
illnesses, this mechanism may expand beyond its immu-
nological defense function and lead to an autoimmune dis-
order. Th1 cells may play a crucial role in the process
(18).

With refinements in laboratory technique, intracellu-
lar antigens (i.e., thyroglobulin) can now be found in the
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Table 2 Organ-Specific Autoimmune Disorders

Antireceptor diseases
Atopic diseases involving B2-adrenergic receptors
Atrophic thyroiditis
Graves’ disease
Insulin-resistant diabetes/acanthosis nigricans syn-

drome
Hypoglycemia–insulinomimetic autoantibodies
Myasthenia gravis

Autoimmune endocrinopathies
Addison’s disease
Autoimmune diabetes insipidus
Autoimmune hypoparathyroidism
Autoimmune polyglandular syndrome type 1
Autoimmune polyglandular syndrome type 2
Autoimmune primary gonadal failure
Hashimoto’s thyroiditis
Hypophysitis
Pancreatic alpha-cell autoimmunity
Pancreatic delta-cell autoimmunity
Type 1 diabetes mellitus

Anti-circulating-protein disorders
Anti-ACTH autoantibodies
Anti-TSH autoantibodies
Insulin autoantibodies–hypoglycemia
Thyroid hormone autoantibodies

Autoimmune cytopenias
Immune hemolytic anemia
Immune leukopenia
Immune thrombocytopenic purpura

Gastrointestinal autoimmunities
Celiac disease
Chronic lymphocytic gastritis/pernicious anemia
Crohn disease
Ulcerative colitis

Hepatobiliary autoimmunities
Chronic active hepatitis
Cryptogenic cirrhosis
Primary biliary cirrhosis
Sclerosing cholangitis

Dermatological autoimmunity
Autoimmune alopecia totalis or areata
Autoimmune vitiligo
Bullus pemphigoid (bullus, gestationis, and cicatricial)
Chronic bullous disease of childhood
Dermatitis herpetiformis
Epidermolysis bullosa acquisita
Erythema nodosa
Linear IgA disease
Pemphigus (vulgaris, foliaceous, and paraneoplastic)

Neuromuscular
Acute disseminated encephalomyelitis
Chronic inflammatory demyelinating polyradiculoneu-

ropathy
Chronic neuropathy with monoclonal gammopathy
Eaton-Lambert syndrome
Guillain-Barré syndrome
Multifocal motor neuropathy with conduction block
Multiple sclerosis
Myasthenia gravis
Polymyositis
Stiff-man syndrome

Paraneoplastic syndrome
Cerebellar degeneration
Encephalomyelitis
Opsoclonus–myoclonus syndrome
Retinopathy

Basement-membrane autoimmunity
Goodpasture syndrome

circulation of normal subjects. This discovery discredits
much of the so-called sequestered antigen theory of au-
toimmune disease for at least several endocrinopathies. It
is of great interest that many autoantigens are enzymes
whose distribution is often limited to specific tissues
(19,20). During the aging process, there is a progressive
breakdown in self-tolerance and an increased appearance
of autoimmune phenomena with self-reactive autoantibod-
ies. However, clinically apparent autoimmune disease may
not be obvious in older persons because of the decreased
efficiency of the immune system with advancing age, and
the limited duration of an autoimmune process that begins
in an elderly person. Thus with aging a higher prevalence
of various autoantibodies will be recorded; however,
fewer of those individuals harboring such autoantibodies
will actually express disease. In contrast in younger in-
dividuals, autoantibodies will be of lower prevalence yet
more of the individuals expressing those autoantibodies
will be affected with clinically apparent disease.

II. CLASSIFICATION AND RECOGNITION
OF AUTOIMMUNE DISEASES

Autoimmune diseases can be classified as organ-specific
(e.g., autoimmune endocrinopathies) (21–23; Table 2) or
non-organ-specific or systemic (e.g., collagen vascular
diseases) (Table 3). Autoimmune diseases in which an an-
tibody is made to a circulating hormone (e.g., insulin au-
toantibodies: autoimmune hypoglycemia), thyroid hor-
mone autoantibodies (24), thyroid-stimulating hormone
(TSH) autoantibodies (25), adrenocorticotropin (ACTH)
autoantibodies (26), and testosterone autoantibodies (27)
form a subgroup of the organ-specific autoimmunities.

Four types of findings support an autoimmune cause
for a disease: Evidence of humoral (antibody/B cell) and/
or cell-mediated (T-cell) autoreactivity; ability to transfer
disease with either serum or lymphocytes (this is usually
performed in animal models of autoimmune disease); dis-
ease recurrence in transplanted tissue in the absence of
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Table 3 Non-Organ-Specific Autoimmune
Disorders

Connective tissue diseases
Ankylosing spondylitis
Behçet syndrome
Dermatomyositis
Mixed connective tissue disease
Progressive systemic sclerosis (scleroderma)
Psoriasis
Reactive arthritides
Reiter syndrome
Rheumatic fever
Rheumatoid arthritis
Sjögren (sicca) syndrome
Systemic lupus erythematous

Vasculopathies
Hypersensitivity vasculitis
Kawasaki disease
Polyarteritis nodosa
Takayasu arteritis
Temporal arteritis
Thromboangiitis obliterans
Wegener’s granulomatosis

Sarcoidosis
Graft-vs.-host disease

Table 4 Identification of Autoantibodies

Methods
Cytoplasmic autoantibodies

Indirect immunofluorescence, Ig and complement-fixing
Ig, using unfixed human tissue sections as substrates.

Immunohistochemical methods.
Immunoprecipitation: sera or Ig against cell extracts.
Hemagglutination of tissue antigen-coated red blood cells.
Other methods: radioimmunoassay, complement-fixation

assays, ELISA.
Cell-surface autoantibody determinations

(using isolated xenogeneic or allogeneic target cells) by
indirect immunofluorescence; binding of [125I] protein A,
antigen precipitation by serum from an affected individ-
ual; or as measured by flow cytometry with a fluores-
cein-labeled second antibody.

Determination of autoantibody effects
Cell metabolism/products

Measurement of changes in cell metabolism (i.e., cAMP
production) or cell products (hormones) after exposure
to sera, or purified or partially purified Ig serum frac-
tions. Target cells are isolated from tissue, tissue culture,
or tissue slices.

Cytolysis
Measurement of cytolysis by 51Cr release or supravital

staining after the addition of sera, or purified or partially
purified Ig serum fractions.

Transplacental passage
Study of the clinical effects of autoantibodies transplacen-

tally passed from mother to fetus or neonate.
Passage to animals

Purification of Ig (Protein A or NH4 [SO4]2) and passage
to animals.

immunosuppression; and ability to prevent or cure disease
with immunotherapy through either immunosuppression
or induction of tolerance (28).

Autoantibodies, which are the hallmark of B-cell au-
toimmunity, can be identified by several methods (Table
4). Their participation in an autoimmune disorder can be
assessed by complement fixation and lysis of target cells
in tissue culture or by promoting cytolysis of target cells
by NK cells or macrophages in the process of antibody-
dependent cell cytolysis. In other diseases, autoantibodies
may bind to membrane receptors stimulating target cells,
as in Graves’ disease or insulinomimetic hypoglycemia;
or interfere with receptor functions, as occurs in myasthe-
nia gravis or Eaton-Lambert syndrome. In myasthenia
gravis the target autoantigen is the acetylcholine receptor.
On the other hand, in Eaton-Lambert syndrome the au-
toantigen is the presynaptic voltage-gated calcium chan-
nel. Autoantibodies to ganglionic acetylcholine receptors
in autoimmune autonomic neuropathies have been de-
scribed (29).

The finding of lymphocytic infiltration of a target or-
gan or tissue is histopathological evidence of cell-medi-
ated autoimmunity. Cell-mediated autoreactivity can also
be shown in vivo by positive delayed-type hypersensitiv-
ity reactions during skin testing with specific syngeneic,
allogenic, or xenogeneic self antigens. Cell-mediated au-
toimmunity can be assessed in vitro by the production of
cytokines such as IL-1, IL-2, tumor necrosis factor, or
interferon production, or by proliferation of T cells mea-

sured by [3H]thymidine incorporation. T-cell cytolysis of
target cells in tissue culture can be measured by 51Cr re-
lease or supravital staining of damaged cells. Healthy cells
retain 51Cr once labeled for a specific length of time and
exclude supravital stains.

Cytokines and reactive oxygen intermediates are�(O )2

also incriminated as mediators or final effectors of auto-
immune cell damage (30). IL-1 is often implicated along
with IFN-� and tumor necrosis factor in damaging beta
cells. In the case of type 1 diabetes mellitus, in tissue
culture IL-1 is toxic to isolated islets. At low dosages, IL-
1 inhibits glucose-stimulated insulin release, while at
higher dosages IL-1 is directly toxic and leads to islet cell
death. Certain lymphokines (i.e. IFN-�) may induce high
levels of class I MHC expression as well as low levels of
class II MHC expression that may propagate autoimmune
responses once initiated.

Several other lines of evidence can support an auto-
immune cause for a particular disease: clinical association
with known autoimmune diseases; disease association
with particular HLA alleles; the ability to induce a similar
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Table 5 Suggested Pathogenic Mechanisms of
Autoimmune Endocrinopathies

Autoantibody hormone-receptor binding
Blocking of receptor-hormone activation (e.g., atrophic

thyroiditis)
Stimulation by autoantibodies with receptor activation

(e.g., Graves’ disease)
Autoantibody-induced target cell destruction/dysfunction

Formation of local immune complexes with subsequent lo-
cal inflammation

Complement-dependent cytolysis
Antibody-dependent cell cytolysis by macrophages, natu-

ral killer cells, possible role for subsequent IL-1, TNF
mediated cytolysis

Autoantibody binding to a circulating protein with inappro-
priate levels of circulating free hormone producing ex-
cessive or deficient hormone effects (e.g., autoimmune
hypoglycemia)

Immune complex formation with distal localization and de-
struction (e.g., immune complex nephritis secondary to
autoimmune thyroid disease)

Cell-mediated (classic CD8� killing or delayed-type hyper-
sensitivity) target cell destruction by T cells without par-
ticipation of autoantibodies

Cytokine and/or free radical destruction of target organ
Combinations of the above

disease in animals after injection of self antigens (often in
Freund’s adjuvant to exaggerate the response); increased
disease frequency in females compared with males; and
increased disease frequency with advancing age. A wide
variety of autoimmune mechanisms have been proposed
as outlined in Table 5.

This chapter will discuss endocrinopathies believed
to have an autoimmune cause with particular reference to
genetics and HLA relationships; classify endocrinopathies
into autoimmune polyglandular syndromes and describe
their relationship to other nonendocrine autoimmune dis-
eases; discuss available diagnostic tests (31); and elabo-
rate a clinical approach to the endocrinopathies.

III. AUTOIMMUNITY TO THE PANCREATIC
ISLETS, INSULIN RECEPTORS,
AND INSULIN

A. Type 1 Diabetes Mellitus

1. Classification
In 1997, the American Diabetes Association (ADA) (32)
reclassified diabetes mellitus according to cause. Thus the
term type 1 diabetes mellitus replaced the term insulin-
dependent diabetes mellitus. Type 1 diabetes is insulino-
penic diabetes that results from autoimmune beta-cell de-
struction (type 1A diabetes) or whose cause is unknown
(type 1B diabetes). Likewise noninsulin-dependent dia-

betes mellitus (NIDDM) was reclassified as type 2 dia-
betes that results from insulin resistance in combination
with relative insulinopenic beta-cell failure.

Nonautoimmune forms of insulinopenic diabetes for
which a cause has been identified are classified as other
specific types of diabetes in the 1997 ADA scheme. These
disorders include diabetes secondary to transcription fac-
tor mutations (hepatocyte nuclear factor [HNF] 4�, HNF-
1�, insulin promoter factor-1, and HNF-1�), glucokinase
mutations (33), certain types of mitochondrial mutations
(34), drugs and poisons (e.g., the rodenticide Vacor [35],
drug toxicity [36]), and viral infections (e.g., Coxsackie
B4 [37]; rubella [38]).

2. Clinical Impact of Type 1 Diabetes
Type 1 diabetes is a major clinical problem in both chil-
dren and adults, and approximately 1 in 500 children are
affected (39). It can be argued that diabetes is the most
significant endocrine disorder affecting developed popu-
lations. Before the introduction of rigorous glycemic con-
trol as the standard of care as dictated by the Diabetes
Control and Complications Trial results (40), expected life
span from the time of diagnosis was reduced by one-third.
For example, if the normal life expectancy of a 10 year
child was to age 70 with 60 more years of life expected,
in type 1 diabetes the expected life span 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 (cor-
onary artery, carotid artery, and peripheral vascular dis-
ease) and neuropathy are also major contributors to mor-
bidity and mortality (see Chapter 25). The leading causes
of premature death in type 1 diabetes are coronary artery
disease and renal failure. With better diabetes manage-
ment, there is hope that these grim statistics can be
avoided and revised.

3. Causes
The majority of cases of type 1 diabetes result from a
cell-mediated autoimmune process (41) that selectively
destroys the pancreatic beta cells. Both CD8 T cells and
macrophages are believed to be responsible for beta-cell
necrosis. Islet-cell autoimmunity can develop very early
in life (42); it has been reported to develop prenatally (43)
and is transferable by bone marrow transplantation (44).
Roles for Th1 and Th2 cells have been implicated (45).

Multiple lines of evidence support an autoimmune ba-
sis for type 1 diabetes. In patients dying within 6 months
of diagnosis of type 1 diabetes, 60–�90% have pancre-
atic insulitis (46). Insulitis is the histological description
of lymphocytic infiltration of the pancreatic islets with
destruction of the beta cells and a depletion in insulin
content. With increasing duration of the disease, there is
progressive disappearance of pancreatic beta cells. Non-
beta cells (alpha, gamma, and pancreatic polypeptide
cells) are not subject to autoimmune targeting or perma-
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nent damage. Thus, the beta cell most likely carries an-
tigens unique to insulin-producing cells. Of the major an-
tigens so far discovered that are targeted in type 1 diabetes
(e.g., glutamic acid decarboxylase, insulinoma-associated
antigen 2, and islet sialoglycoconjugate), only insulin ap-
pears to be absolutely beta-cell-specific (47).

4. Natural History of Type 1 Diabetes
The natural history of type 1 diabetes can be addressed in
five stages. Stage 1 is defined as genetic susceptibility;
stage 2: evidence of humoral and/or cell-mediated auto-
immunity without detectable metabolic perturbations;
stage 3: declining first-phase insulin response to intrave-
nously administered glucose; stage 4: oral glucose intol-
erance; stage 5: frank clinical type 1 diabetes (48). Issues
of genetic susceptibility will be addressed in the next sec-
tion. Following a discussion of the genetics, environmen-
tal triggers will be examined. Next, islet autoantibodies
and immune abnormalities in type 1 diabetes will be an-
alyzed. Finally metabolic progression to type 1 diabetes
will be reviewed under the heading of prediction and pre-
vention.

5. Genetics of Type 1 Diabetes
Susceptibility to type 1 diabetes can be inherited, although
most cases (�85%) of type 1 diabetes are sporadic.
Whereas the general population frequency of type 1 dia-
betes in the United States is �1:500 (0.2% of the popu-
lation affected), siblings of type 1 diabetes patients ex-
perience a 25-fold higher risk of 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: 1:14
(7%; 35-fold increased risk) and 1:50 (2%; 10-fold in-
creased risk), respectively. Ethnic origin greatly influences
risk for type 1 diabetes. Finns experience the highest risk
in the world (1:100) while Chinese and Japanese have the
lowest risk for type 1 diabetes worldwide (1:10,000) (49).
Risks for type 1 diabetes in white North Americans and
southern Europeans, and African–Americans are inter-
mediate: 1:500 and 1:1000, respectively. Nevertheless, in-
heritance of susceptibility to type 1 diabetes is not men-
delian but instead is multifactorial and polygenic. Clearly
no single gene allele is always associated with type 1 di-
abetes nor are unique DNA sequences observed in sub-
jects with type 1 diabetes (50). The association of specific
HLA-loci and type 1 diabetes was first recognized in the
1970s for HLA-B alleles and then, more powerfully, as-
sociated 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 providing pro-
clivity to type 1 diabetes.

In studies from the University of Florida involving
more than 1000 individuals with type 1 diabetes, �95%
express at least one HLA-DR3 and/or DR4 allele. Com-
pared with a general population frequency of �3%,
�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 heterozygotes (X =
nonDR3/DR4 allele). Only 5% of type 1 diabetes patients
lack both HLA-DR3 and DR4. In individuals with HLA-
DR3 or DR4, the second antigen excluding DR3 and DR4
is most commonly DR1. DR2 and DR5 are usually pro-
tective of type 1 diabetes (51).

In contrast to the data in whites, in African–Ameri-
cans with type 1 diabetes only 70% have a HLA-DR3
and/or DR4 allele, suggesting a greater heterogeneity of
causes of youth-onset diabetes in African–Americans than
in whites (52). In African–Americans, while HLA-DR4
is associated with type 1 diabetes DR3 is not. Thirty per-
cent of African–Americans with youth-onset diabetes lack
both DR3 or DR4 alleles. Islet-cell autoantibody (ICA)
frequencies at diabetes onset in African–Americans are
also considerably lower than in whites (40% vs. �75%),
thus providing further evidence of etiological heteroge-
neity.

Using recombinant DNA methodologies, the serolog-
ical DQw3 antigen associated with DR4 has been divided
by analysis of DR4-related DQ� 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 (53). 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 (54). Individuals heterozygous for
DQA1*0501-DQB1*0201/DQA1*0301-DQB1*0302 can
have a 32-fold increased risk for type 1 diabetes. This
would be an absolute risk of �6.4% risk based on a gen-
eral population frequency of type 1 diabetes of 1:500.
HLA-DQB1*0602 is highly protective of type 1 diabetes,
with only 1:15,000 persons carrying this allele developing
type 1 diabetes (55). HLA-DQB1*0602 is also protective
of type 1 diabetes in subjects with autoimmune polyglan-
dular syndrome type 1 (56). 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 �1 exon, 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 (57). This amino acid difference alters the class II
MHC antigen-binding cleft and thus influences which an-
tigen peptides are presented (58). Many studies have as-
sociated nonaspartic acid alleles with type 1 diabetes sus-
ceptibility (59). Arginine at position 52 in the DQ� chain
has also been related to type 1 diabetes susceptibility (60).
A combination of these DQA1 and DQB1 alleles (partic-
ularly in the trans configuration) further increases risk for
type 1 diabetes (61). The DR2 and DR5 associated
DQA1-DQB1 haplotypes are, respectively, DQA1*0102-
DQB1*0602 and DQA1*0501-DQB1*0301. As opposed
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Table 6 Relative Influence of HLA-DQ Alleles on
Susceptibility to Type 1 Diabetes

DQ alleles
DQB1 DQA1

Associated
HLA-DR

Type 1 DM
influence

Relative
influence

0602 0102 DR15a Protective ����
0301 0501 DR5 Protective ���
0302 0301 DR4 Susceptible ��
0201 0501 DR3 Susceptible �

aDR15, split of DR2.

Table 7 Susceptibility Loci in Type 1 Diabetes

Loci Location Gene

Confirmed
IDDM1 6p21 HLA-DR and DQ
IDDM2 11p15 Insulin
IDDM4 11q13 Unknown
IDDM5 6q25 Unknown
IDDM8 6q2 Unknown
IDDM12 2q33 CTLA-4

Unconfirmed
IDDM3 15q26
IDDM6 18q
IDDM7 2q33
IDDM9 3q
IDDM10 10p13-q11
IDDM11 14q24-q31
IDDM13 2q33
IDDM15 6q21

Table 8 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 af-

fected sib
1:7 70

Sib shares DR3/DR4 with af-
fected sib

1:4 125

Genetically identical to affected
sib (identical twin)

1:3–1:2 167–250

General population
Random risk 1:500 1
DR3 (�) 1:400 1.25
DR4 (�) 1:400 1.25
DR3/DR4 (�) 1:40 12.5

to whites and DQB1, in Japanese DQA1 alleles are the
major MHC susceptibility factors (62). However Korean
and white type 1 diabetes subjects display similar HLA
susceptibility patterns (63). Dorman et al. have proposed
that variations in population frequencies of DQB1 non-
aspartic-acid alleles correlate with the population fre-
quency of type 1 diabetes (64). She et al. have recently
presented a excellent overview of the genetics of type 1
diabetes with reference to the MHC (65). The influence
of various DQ loci is summarized in Table 6.

Studies of multiplex families show that the inheri-
tance of type 1 diabetes is associated with particular pa-
rental haplotypes. In sibling pairs with type 1 diabetes,
instead of the expected random haplotype distribution
(25% HLA identical, 50% haploidentical, 25% noniden-
tical) a predominance of like haplotypes is found (60%
HLA identical, 25% haploidentical, less than 5% non-
identical). There is an apparent transmission bias for type
1 diabetes: �7% of children fathered by type 1 diabetes
men develop type 1 diabetes as opposed to 2% of the
offspring of type 1 diabetes mothers (66). 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% transmission) (67). In both
type 1 diabetes fathers and mothers, there is transmission
bias of DR3 (60% transmission to offspring vs. expected
50% transmission).

Polygenic inheritance of susceptibility to type 1 dia-
betes is certain (68). Polymorphisms in at least 14 differ-
ent genetic loci have been associated with type 1 diabetes
in humans (69–73). The loci have been identified by pop-
ulation studies and sib-pair analysis. The loci can be clas-
sified according to the certainty with which the data sup-
port a genetic association with type 1 diabetes (Table 7).
Despite this surfeit of loci, the MHC remains the most
important susceptibility factor (Table 8) and provides 40–
50% of genetic susceptibility to type 1 diabetes. The next
most influential gene may be the insulin gene and its hy-
pervariable region (74).

6. Environmental Triggers in the Pathogenesis of
Type 1 Diabetes

Because concordance for type 1 diabetes in identical twins
is only 33–50%, environmental factors are thought to play
a role in triggering type 1 diabetes (75). Environmental
triggers of beta-cell autoimmunity under investigation in-
clude diet/breastfeeding (76), toxins, drugs, immuniza-
tions (77), viral infections (78–80), and stress. Suspected
toxins include alloxan-like or streptozotocin-like agents
that induce oxidant beta-cell damage, and smoked or
cured mutton. Viral infections hypothesized to trigger type
1 diabetes include coxsackie A, coxsackie B (81), cyto-
megalovirus, ECHO virus (82), Epstein–Barr virus, ru-
bella, mumps, and retroviruses. There is no unequivocal
evidence to suggest that children should avoid cows’ milk
products to prevent type 1 diabetes (83), although cow’s
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Table 9 Autoantigens to Which Autoantibodies Have
Been Detected in Type 1 Diabetes

Carboxypeptidase H (93)
Aromatic-L-amino-acid decarboxylase (94)
30 kD pancreatic autoantigen related to chymotrypsinogen

(95)
DNA topoisomerase II (96)
Islet cell 69 kD (ICA69)a (97,98)
Mr 38,000 (38 Ka) insulin-secretory granule protein (99)
Rubella-related Mr 52,000 (52 Ka) islet autoantigen (100)
Proinsulin (101)
Insulin receptor autoantibodies (102)
Glima 38 autoantibodies (103)
GLUT2 autoantibodies (104)
Heat shock proteina (105)
Islet cell surface autoantibodies
SOX13 (106)

aControversial.

milk (vs. breastfeeding), bovine serum albumin, and beta-
lactoglobulin exposure have been found in various studies
to act as diabetogenic influences (84).

Because of the inherent plasticity of the genome, es-
pecially with respect to T-cell receptor and immunoglob-
ulin gene rearrangements, the supposition that monozy-
gotic twins are immunogenetically identical can be
questioned (85). In persons who develop type 1 diabetes,
the relative contributions of genetic and interacting envi-
ronmental factors appear to be highly variable. Genetic
factors may predominate early in life whereas environ-
mental exposures may become more important with ad-
vancing age. It is assumed that once a person is predis-
posed to type 1 diabetes by the possession of particular
immune response genes (HLA-associated and those out-
side the MHC) and nonimmune response genes, the
proper environmental exposure may trigger or foster the
initiation of the autoimmune process. It is unfortunate that
the triggers to the development of type 1 diabetes remain
largely unknown (86–91).

7. Islet Autoantibodies
Although many types of autoantibodies have been de-
scribed in the sera of persons with type 1 diabetes (Table
9) (92), investigators have focused their studies on four
types of islet autoantibodies: ICA (107), insulin autoan-
tibodies (IAA) (108), glutamic acid decarboxylase auto-
antibodies (GADA) (109), and insulinoma-associated-2
autoantibodies (IA-2A) (110).

The ICA and ICSA autoantibodies (111,112) have
been described in the sera of patients with type 1 diabetes
since the mid-1970s. At the time of diagnosis, 70–80%
of caucasian children with type 1 diabetes have ICA; how-

ever, the frequency falls thereafter (113). By 5 years’ du-
ration 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 di-
abetes patients have a frequency of type 1 diabetes similar
to their ICA frequency: 3–5%. In Pasco County, Florida,
in a study of �10,000 normal school children, ICA were
detected in 1:�250 children (114).

In patients with clinically apparent type 2 diabetes,
some 5–15% are ICA positive (115–117), and, with time,
these patients tend to progress to insulin dependence.
These individuals also express higher frequencies of the
type 1 diabetes-associated HLA-DR alleles DR3 and DR4.
Autoantibodies to GAD have also been described in such
patients with apparent type 2 diabetes. Such islet-auto-
antibody-positive individuals with type 2 diabetes, ac-
cording to the 1997 ADA scheme, are now classified as
having autoimmune diabetes and in reality have type 1
diabetes. Because of the attenuated pace of beta-cell de-
struction and older-onset of disease, the term latent au-
toimmune diabetes of adulthood (LADA) has been ap-
plied to such clinical circumstances (118–121).

Since ICA react with intracellular antigens of all cells
of the pancreatic islets, ICA are not involved in the path-
ogenesis of type 1 diabetes. However sera containing
ICSA have been shown in vitro to be cytotoxic to rodent
islet cells (122) and can inhibit glucose-stimulated insulin
release by islets (123). ICSA may also react preferentially
with beta cells, unlike other islet autoantibodies that react
with all cells of the islet (e.g., ICA and GADA).

ICA usually predate the clinical presentation of type
1 diabetes by months or years (124). ICA-positive non-
diabetic patients evaluated serially by glucose tolerance
testing often show insulinopenia to intravenous glucose
injection; later, rises in fasting and stimulated glucose
concentrations occur after oral glucose challenges (125).
Work by Schatz et al. has shown that ICA are polyclonal
including both kappa and lambda light chains and all four
IgG subclasses (126). Higher-titer ICA appear to predict
an increased risk for the development of type 1 diabetes
in nondiabetic individuals. Furthermore, newly diagnosed
individuals with type 1 diabetes who have higher ICA
titers are at higher risk to lose endogenous C-peptide se-
cretion more rapidly (127). A similar claim has been made
for higher-titer GADA (128).

Standardization of ICA testing has been accomplished
by workshops held under the aegis of the Juvenile Dia-
betes Foundation. This lead to the establishment of ICA
titers being reported as JDF units. To calculate JDF units,
the next to last positive titer is multiplied by 10. Thus if
a serum level were last positive at a dilution of 1:64 (e.g.,
negative at 1:128), the next to last positive dilution is 1:
32. Multiplying 32 by 10 gives a JDF titer of 320 JDF
units.

With greater than 90% beta-cell destruction, signifi-
cant insulinopenia results with consequent hyperglycemia,
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unrestricted ketogenesis, and clinical insulin-dependent
diabetes. Data from the Pasco County, Florida, study (114)
indicate that ICA in the general population predicts type
1 diabetes as well as ICA in nondiabetic first-degree rel-
atives of patients with type 1 diabetes. The ability to pre-
dict type 1 diabetes in the general population is most im-
portant because �85% of type 1 diabetes patients do not
have a first-degree relative with type 1 diabetes.

Another type of autoantibody found in �40% of
newly-diagnosed patients with type 1 diabetes is the IAA
(129). The enzyme-linked immunosorbent assay (ELISA)
method for the detection of IAA does not correlate with
the development of type 1 diabetes (130,131). However,
IAA detected by a serum-binding assay when present with
ICA is highly predictive of insulinopenia and the eventual
development of type 1 diabetes.

In 1990, the Mr 64,000 (64 Ka) islet immunoprecip-
itable autoantigen was shown to be GAD (109). ICA react
with GAD as well as a sialoglycoconjugate target antigen
(132) and recombinant IA-2 (133). Non-GAD ICA have
been noted by Richter et al. (134). GAD normally con-
verts glutamate to �-aminobutyric acid (GABA). GAD is
expressed predominantly in the central and peripheral ner-
vous systems but also in testes, ovary, adrenal, pituitary,
thyroid, islets, and kidney (135). GAD comes in two mo-
lecular weights coded for by separate genes (GAD65 on
chromosome 2 and GAD 6 on chromosome 10). GAD65
and GAD67 exhibit �70% amino acid homology. GADA
are most commonly directed against GAD65 (136–138).
Radiobinding immunoprecipitation assays for GADA re-
quire that labeled GAD be kept in solution (as opposed
to an ELISA format) because GADA recognize confor-
mational determinants. Epitope reactivity for GADA
among nondiabetic and diabetic individuals may explain
why not all GADA in nondiabetic individuals predicts
type 1 diabetes (139).

A primary sequence homology between portions of
GAD and the P2-C protein expressed by Coxsackie virus
has been described (140). GAD cellular autoimmunity
has been shown (141). In addition to GAD, cell-mediated
immune responses to other islet antigens have been de-
scribed such as insulin secretory granule proteins and
beta-cell membrane antigens (142). One group of inves-
tigators proposed that cellular and humoral GAD reac-
tivity are inversely associated with type 1 diabetes risk
(145). Using the older immunoprecipitation assay, Atkin-
son et al. (146) showed that 64 kDa autoantibodies were
highly predictive of type 1 diabetes. Since this initial
report, many studies have confirmed that GADA in non-
diabetic individuals predicts the later development of
type 1 diabetes. GADA in patients with clinical so-called
type 2 diabetes correlates with insulin deficiency similar
to ICA.

The most recently identified autoantigen of great im-
portance is a member of the plasma membrane protein
tyrosine phosphatase family: insulinoma-associated anti-

gen-2 (IA-2) (147–149). Located on lymphocytes, CD45
is another example of a protein tyrosine phosphatase. Re-
cent work has identified a second transmembrane protein
tyrosine phosphatase: IA-2� (150). IA-2 and IA-2� share
several common epitopes while other epitopes are unique
to each molecule.

In the prediction of type 1 diabetes in nondiabetic
individuals using islet autoantibody testing, it is now clear
that the presence of a single autoantibody is not as pow-
erful a predictor of the later development of type 1 dia-
betes as positive findings of multiple islet autoantibodies.
When multiple islet autoantibodies are present, the risk
for developing type 1 diabetes rises substantially (151–
154). Furthermore in children when multiple autoantibody
positivity islet autoimmunity is coupled with depressed
first-phase insulin response to intravenously administered
glucose, risk for type 1 diabetes can exceed 50% over 5
years follow-up and approaches 100% over 10 years. Al-
though the biochemical autoantibodies GADA and IA-2A
provide many methodological advantages over ICA test-
ing, ICA testing should not abandoned because of its
higher specificity than GAD or IA-2A and its ability to
detect autoimmunity to several islet autoantigens not de-
tected by the single GADA or IA-2A assays (155).

8. Immune Abnormalities in Type 1 Diabetes
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: el-
evated levels of Ia (class II MHC) 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, circulating immune com-
plexes, possible decreased IL-2 production by lympho-
cytes from type 1 diabetes patients, impaired CD4-posi-
tive T-lymphocyte function, and potentially decreased
class I MHC expression. In vitro, lymphocytes from type
1 diabetes patients have been shown to produce migration
inhibition factor when exposed to xenogeneic islets or is-
let homogenates. Lymphocytes in vitro have produced
islet adherence and cytolysis and have inhibited insu-
lin release. Recently Clare-Salzler and colleagues have de-
scribed variations in antigen-presenting cell function in
type 1 diabetes and prostaglandin synthase 2 expression
(156).

Further evidence of an autoimmune cause for type 1
diabetes is found in the association of type 1 diabetes with
other recognized autoimmune diseases (particularly
chronic lymphocytic thyroiditis [157] and atrophic gastri-
tis), and with disturbed frequencies of particular HLA-DR
and DQ types (158). In contrast to many other autoim-
mune disorders, type 1 diabetes is slightly more common
in males than females and more commonly presents in
childhood than in adult life.
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9. Prediction, Immunotherapy, and Prevention
of Type 1 Diabetes

In the natural history of type 1 diabetes, autoantibody-
positive individuals progress through varying stages of
glucose intolerance to clinical diabetes (159). The earliest
clinical abnormality is a decline in first-phase insulin re-
sponse to intravenously administered glucose at time 1
plus 3 min (160,161). Later, intolerance to oral glucose
challenges appears. After 1–2 years of glucose intolerance
upon oral testing, a typical history of polyuria and poly-
dipsia is found as the patient presents with frank clinical
diabetes. Weight loss and diabetic ketoacidosis may occur
if the diagnosis of diabetes is delayed.

In studies undertaken largely in the 1980s, immuno-
suppression of newly diagnosed type 1 diabetes patients
with cyclosporin or azathioprine and glucocorticoids pro-
duced short-lived remissions (162–164). Because of the
limited success of these trials and the intrinsic toxicities
of such immunosuppressive agents, researchers have re-
cently attempted to induce immunological tolerance to
beta-cell antigens as a method of preventing type 1 dia-
betes (165). The first beta-cell antigen to be used in such
trials is insulin by subcutaneous injection for high-risk
individuals and oral insulin in lower-risk individuals
(166). This is the basis for the Diabetes Prevention Trial
1 study that started in 1993 (167). However, oral insulin
administration begun at disease onset is ineffective in
changing the disease course over the first 12 months fol-
lowing diagnosis (168).

Nasal insulin administration is being attempted in
Finland in the Diabetes Prediction and Prevention (DIPP)
trial (169). In New Zealand (170) and Canada, Texas,
and Europe (European Nicotinamide Intervention Trial
[ENDIT]) (171), nicotinamide is being studied as a beta-
cell-selective antioxidant. However, several papers have
disputed the claim that nicotinamide is of any benefit in
preventing or treating type 1 diabetes (172,173). Islet
beta-cell (174) and stem-cell (175) transplantation is a
promising field in beta-cell reconstitution.

Success in such trials may lead to the routine treat-
ment of prediabetic individuals, enabling one to forestall
or actually prevent type 1 diabetes (176). Such trials are
to be considered strictly experimental at this time (177).

B. Type B Insulin-Resistant Diabetes and
Acanthosis Nigricans

In this rare syndrome, insulin resistance occurs as a result
of autoantibodies directed towards the insulin receptor
that interfere with insulin binding (type B insulin resis-
tance and acanthosis nigricans) (178). Acanthosis nigri-
cans of the skin is recognized as raised, waxy plaques that
occur in skin folds especially around the neck and upper
trunk, under the arms, breasts, and in the groin where skin
abrasion occurs. In severe cases, the elbows, knees, and
periumbilical skin can become exceptionally rough.

Type B disease, which has been described in a few
adolescents, is more common in females and is associated
with other autoimmune disorders. Type B patients may
display antinuclear antibodies, anti-DNA antibodies, epi-
sodic hypocomplementemia, hypergammaglobulinemia,
and leukopenia. A number of type B patients have been
reported with systemic lupus erythematosus, scleroderma,
Sjögren’s syndrome, and ataxia–telangiectasia (179). In
one patient, a dramatic remission was induced with steroid
therapy (180). Insulin receptor autoantibodies and a type-
B-like syndrome have been described in an adult with
pheochromocytoma (181). The diagnosis of type B insu-
lin-resistant diabetes should be pursued in patients with
type 2 diabetes and acanthosis nigricans who require high
dosages of insulin (>100–1000 units/day) for treatment of
hyperglycemia. The presence of non-organ-specific auto-
antibodies or non-organ-specific autoimmune diseases in-
creases the likelihood of type B disease.

In contrast to the type B syndrome, another nonim-
munological form of severe insulin resistance and acan-
thosis nigricans (type A) is associated with hypogonadism
and/or the Stein-Leventhal polycystic ovary syndrome
phenotype. In this disorder, there is a decrease in receptor
number with normal receptor affinity and no antireceptor
autoantibodies.

C. Hypoglycemia Secondary to
Insulinomimetic Autoantibodies

Antireceptor autoantibodies usually block insulin action.
Patients have been described with antireceptor autoanti-
bodies that displayed insulin-like action producing hypo-
glycemia (182). This disorder has been reported in chil-
dren (183). Hypoglycemia secondary to insulinomimetic
autoantibodies has been identified in adults with Hodg-
kin’s disease (184) and lupus erythematosus (185,186).
Insulinomimetic autoantibodies, which are a rare cause of
hypoglycemia, can be considered when the biochemical
determinations suggest hyperinsulinism (e.g., nonketotic
hypoglycemia) yet insulin concentrations are depressed.
Tests for insulin receptor autoantibodies are available gen-
erally only from research laboratories.

D. Autoimmune Hypoglycemia

In this disorder, an autoantibody is produced against cir-
culating insulin (187,188). Whereas insulin antibodies are
common in patients who have received exogenous insulin
(including human insulin), patients with autoimmune hy-
poglycemia spontaneously develop such antibodies (189).
Pediatric cases have been identified (190). This condition
is most often recognized in Japan (191), but it has been
reported in Norway and the Netherlands (192). Some sub-
jects have developed this syndrome following exposure to
antithyroid medications used to treat Graves’ disease
(193). Nevertheless, a recent report noted a decline in in-
sulin autoantibodies despite continuation of methimazole
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therapy in a patient with Graves’ disease and autoimmune
hypoglycemia (194).

The circulating autoantibody–insulin complexes can
release insulin inappropriate to metabolic needs, increas-
ing the free insulin concentration (195). At these times,
hypoglycemia results from relative hyperinsulinism. The
amount of circulating insulin complexed to autoantibodies
may also lead to glucose intolerance or a mild diabetic
state as well as hyperglycemia during fasting.

Similar to insulin antibodies resulting from exoge-
nous insulin administration, autoimmune hypoglycemia is
associated with HLA-DR4 (196). IAA described above in
prediabetic individuals do not appear to be associated with
hypoglycemia. In so-called prediabetes, IAA serve as
markers of beta-cell autoimmunity.

E. Pancreatic Alpha-Cell and Delta-Cell
Autoimmunity

Bottazzo and Lendrum in 1976 first described autoanti-
bodies that reacted solely with the cytoplasm of the pan-
creatic glucagon-producing alpha cells and with the so-
matostatin-secreting delta cells (197). The Pasco County,
Florida, ICA study found that the frequency of alpha-cell
autoantibodies (ACA) was similar in controls and relatives
of type 1 diabetes patients (0.5% vs. 0.6%, respectively).
ACA are apparently very rare in type 1 diabetes patients
because they were not found in any of 62 ICA-negative
type 1 diabetes patients studied. Eleven ACA-positive pa-
tients were also studied using arginine infusion and did
not display glucagon deficiency (198). Del Prete et al. had
previously shown normal glucagon responses to arginine
infusion in two patients with ACA (199). Asymptomatic
autoantibodies to the glucagon molecule have been re-
ported (200). ACA is a very interesting autoantibody be-
cause as yet there are no disease associations with it. Sub-
jects with ACA do not display disturbed HLA-DR
frequencies, in contrast to nondiabetic individuals with
ICA who exhibit increased frequencies of HLA-DR3 and
DR4.

IV. AUTOIMMUNE THYROID DISEASE

Autoimmune thyroid disease (AITD) can present clini-
cally as goiter and/or thyroid dysfunction: either hyper-
or hypothyroidism. AITD includes a spectrum of disorders
bridging chronic thyroiditis (201) and Graves’ disease
(202). Graves’ disease is the most common form of pri-
mary hyperthyroidism in which thyrotoxicosis results
from agonistic TSH receptor autoantibodies. AITD is
commonly seen in both children and adults and rarely
develops prenatally (203).

Thyroid inflammation (so-called thyroiditis) can be
classified as acute (suppurative) resulting from bacterial
thyroid gland infection, subacute (deQuervain) resulting
from viral thyroid gland infection, or chronic resulting

from an autoimmune lymphocytic infiltration of the gland.
There are two clinical forms of chronic thyroiditis: goi-
trous and atrophic thyroiditis. Hashimoto originally de-
scribed the association of chronic lymphocytic thyroiditis
and goiter in 1912 and it is this form of thyroiditis that
bears his name (Hashimoto’s thyroiditis). Taken together,
all forms of AITD represent the most common causes of
autoimmune endocrinopathies in humans. Among all
forms of AITD there is a striking female predominance
(see Chapter 17).

A. Chronic Lymphocytic Thyroiditis

1. Thyroiditis
Chronic lymphocytic thyroiditis (CLT) is the most com-
mon cause of goiter and acquired hypothyroidism in
childhood (204). Patients presenting with a goiter may
progress to frank hypothyroidism because of continued
gland destruction, while other patients may pass through
a transient state of hyperthyroidism (hashitoxicosis) with
release of thyroid hormone from a period of accelerated
thyroid gland destruction, with later development of hy-
pothyroidism. In atrophic thyroiditis, an autoantibody to
the TSH receptor may be present that blocks TSH action
(e.g., an antagonistic TSH receptor autoantibody)
(205,206). About 20–25% of individuals with atrophic
thyroiditis exhibit antagonistic TSH receptor autoantibod-
ies compared with 10% of individuals with goitrous thy-
roiditis. Goiter is not present in the patients with atrophic
thyroiditis, unlike patients with CLT. With disappearance
of antagonistic TSH receptor autoantibodies, hypothyroid-
ism can spontaneously remit (207).

Atrophic thyroiditis, goitrous thyroiditis, and Graves’
disease often coexist in single pedigrees. About 50% of
first-degree relatives will be affected with AITD, sugges-
tive of autosomal dominant inheritance. Higher levels of
dietary iodine are associated with higher population fre-
quencies of CLT.

Histological examination of the thyroid of patients
with CLT reveals lymphocytic infiltration with germinal
center formation. In the late stages of disease, fibrosis and
atrophy are present. The intrathyroidal plasma cells are a
major source of thyroid autoantibody production. T-cell
lines derived from the thyroid glands of subjects with
AITD demonstrate a predominance of CD4 expression
(208) and Th1 cytokine patterns (209). These data are
consistent with the destruction of thyroid follicular cells
effected through a Th1-cell-mediated autoimmune re-
sponse. In contrast, Graves’ disease may represent a pre-
dominantly Th2 disease with pathogenic autoantibody
production.

An interesting phenomenon is the finding of class II
MHC (e.g., HLA-DR) expression on thyroid follicular
cells in both patients with Hashimoto’s thyroiditis
(�100% of cases) and Graves’ disease (�70% of cases).
Two competing hypotheses explain the role of such ab-
errant class II MHC expression. A proautoimmune hy-
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pothesis states that T-cell secretion of IFN-� elicits HLA-
DR expression and that the follicular cells then present
autoantigens to CD4 T cells to foster the autoimmune re-
sponse (210). Stimulation of naive CD4 T cells could not
occur, however, because thyroid follicular cells fail to ex-
press the costimulatory molecule B7. An alternative hy-
pothesis is that aberrant class II MHC expression actually
downregulates autoimmunity by inducing anergy in naive
T cells, because of the absence of B7 co-expression with
class II MHC. Both hypotheses could be true: naive cells
could be anergized, yet activated cells that do not require
B7 activation could be stimulated. Cytokine secretion
such as IL-1, TNF, and IFN-� can all depress thyroid cell
function in vitro (211,212). IL-1� induces Fas expression
on normal thyroid follicular cells in vitro (213). Once Fas
is expressed, such thyroid follicular cells could trigger so-
called bystander apoptosis by interacting with Fas ligand
on adjacent cells. Increased apoptosis has been recognized
in glands of patients with Hashimoto’s thyroiditis (214).

Autoantibodies to the thyroid microsomes (thyroid
microsomal autoantibodies, TMA), to thyroglobulin (thy-
roglobulin autoantibodies, TGA), and to nonthyroglobulin
colloid antigen (CA2) can be found very frequently in
affected patients (215). The major microsomal autoantigen
is thyroperoxidase (TPO) whose autoantibodies are
termed TPOAb (216). A thyroid-growth-promoting auto-
antibody that does not interact with the TSH receptor has
been suggested (217). In clinical practice, the finding of
TMA, TPOAb, and/or TGA in the presence of euthyroid
goiter or goitrous hypothyroidism is consistent with Hash-
imoto’s thyroiditis. When these autoantibodies are present
in cases of nongoitrous hypothyroidism, atrophic thyroid-
itis is diagnosed.

The TMA autoantigen has been shown to be TPO as
noted above (218). Existing in two molecular forms (105
and 110 kDa), thyroperoxidase is a glycosylated hemo-
protein located on the apical plasma membrane of thyroid
follicular cells. Located on chromosome 2, the thyro-
peroxidase genes covers >150 kb and contains 17 exons.
TPO functions to oxidize iodide and to organify iodine
covalently bound to thyroglobulin tyrosine residues, form-
ing monoiodothyronine (MIT) and diiodothyronine (DIT).
TPO is next responsible for the coupling reaction forming
triiodothyronine and tetraiodothyronine. The catalytic do-
main of TPO is oriented toward the colloid space where
organification of iodide and iodination of thyroglobulin
occur. On the immediate extracellular N-terminal portion
of TPO, an epidermal growth factor precursor-like domain
and complement protein C4b-like domain are recognized.
TPO demonstrates extensive homology with myeloperox-
idase, an autoantigen in some forms of systemic vasculitis
(219).

The TMA autoantibody reacts with TPO in its native
conformation (220). Antibodies to TPO (e.g., TPOAb) are
more sensitive for the detection of AITD; however, be-
cause such TPOAbs are more common in the general pop-

ulation than TMA, TPOAb may be less specific than
TMA. This may lead to improvements in the TMA assay
but this is still somewhat controversial (221).

Autoantibodies to thyroglobulin (e.g., TGA) are not
as common as TMA/TPOAb in all forms of AITD and
CLT. Thyroglobulin is a 2748 amino acid, 330 kD homo-
dimeric glycosylated iodoprotein that can represent 75%
of the total protein content of the thyroid gland. There are
multiple regions of repeated structure within the protein.
The coding portion of the thyroglobulin gene covers >250
kb of DNA and 42 exons. The gene is located on chro-
mosome 8q24. Synthesized by thyroid follicular cells, thy-
roglobulin is secreted into the lumen of the thyroid follicle
forming the colloid, where it becomes the substrate for
thyroid hormone synthesis.

Two new autoantigens have been recognized in
AITD: megalin (GP330) and the thyroid Na�/I� sym-
porter. Megalin is a multiligand receptor found on the ap-
ical surface of selected epithelial cells including the thy-
roid gland. Antibodies to megalin were found in 50% of
subjects with autoimmune thyroiditis and 10% of Graves’
disease subjects (222). Megalin is also referred to as a
polyspecific receptor protein. Na�/I� symporter is not be-
lieved to be a major thyroid autoantigen because auto-
antibodies to the symporter are found in only 10% of sub-
jects with Hashimoto’s thyroiditis and 20% of Graves’
disease subjects (223).

In children, TMA correlates best with the presence of
CLT; virtually 100% of children with CLT will have
TMA, albeit some also have TGA (224,225). About 2%
of the general childhood population have at least one an-
tithyroid autoantibody. Thyroid autoimmunity is also
highly associated with gastric parietal cell autoimmunity:
approximately 25% of TMA-positive patients also have
gastric parietal cell autoantibodies (PCA). About 25% of
PCA-positive patients likewise also have TMA, indicating
an underlying genetic predisposition to both thyroid and
gastric (thyrogastric) autoimmunities in such patients
(226). The histological correlate of PCA is chronic lym-
phocytic gastritis that can cause achlorhydria, iron defi-
ciency, and intrinsic factor deficiency. Long-term defi-
ciency of intrinsic factor can cause cobalamine deficiency
and pernicious anemia. A major target autoantigen in
atrophic gastritis is the H�/K� ATPase pump. Both the
95 kDa alpha subunit and 60–90 kDa beta subunits of the
gastric H�/K� ATPase pump (proton pump) are targeted
(227,228).

Thyrogastric autoimmunities appear to be frequently
inherited as an autosomal dominant trait with increased
expression in female patients. Unlike type 1 diabetes, CLT
and thyrogastric autoimmunities are not inherited in as-
sociation with particular parental HLA haplotypes (229).
HLA does appear to modulate (230) the clinical expres-
sion of the disease: DR4 and/or DR5 are associated with
CLT and pernicious anemia in population studies and DR3
is associated with Graves’ disease. A model can be created
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in which a non-HLA gene provides the predominant sus-
ceptibility to AITD that, in the presence of DR4 or DR5,
stimulates a Th1-mediated antithyroid attack presenting as
autoimmune thyroiditis, whereas the presence of DR3
stimulates a Th2-mediated antithyroid attack presenting as
Graves’ disease.

Genetics does play a major role in the pathogenesis
of CLT in studies of adults. No data in children have been
reported. In a study of 2945 female Danish twin pairs,
concordance for autoimmune hypothyroidism was 55% in
monozygotic twins and 0% in dizygotic twins (231). Con-
cordance in TPOAb and/or TGA positive results was 80%
in monozygotic twins and 40% in dizygotic twins. Besides
the genetic influence of HLA, association studies strongly
suggest that the cytotoxic T-lymphocyte-associated serine
esterase-4 (CTLA-4) gene located on chromosome 2q33,
or genes closely linked to CTLA-4, influence the devel-
opment of AITD including Graves’ disease and Hashi-
moto’s thyroiditis (232). CTLA-4 is expressed on the sur-
face of activated T cells. Interaction of CTLA-4 with B7
from antigen-presenting cells provides a suppressive in-
fluence to downregulate activated T cells. Therefore fail-
ure to turn off activated T cells could theoretically lead to
autoimmunity. Kotsa et al. showed that microsatellite-de-
fined CTLA-4 allele 106 was increased in autoimmune
hypothyroidism (233). Donner et al. from Germany dem-
onstrated that the alanine CTLA-4 leader sequence poly-
morphism (threonine/alanine) at amino acid 17 was more
frequent in Hashimoto’s thyroiditis (22%) than controls
(15%) (234). One year later these investigators described
that a �318 cytosine/thymine promoter variant associated
with AITD (both Graves’ and Hashimoto’s thyroiditis)
was linked to an exon 1 polymorphism (235). However,
by itself, Hashimoto’s thyroiditis was not significantly as-
sociated with a promoter polymorphism. Thymine in the
promoter was linked to adenine in exon 1 of the CTLA-
4 gene. In contrast to these German data, researchers from
the United Kingdom did not find evidence for genetic as-
sociation of the �318 polymorphism with Graves’ dis-
ease, autoimmune hypothyroidism, or systemic lupus er-
ythematosus (236). It is controversial whether CTLA-4
plays a role in the association of AITD and type 1 dia-
betes. Djilali-Saia et al. (237) found no influence for
CTLA-4 on the association of type 1 diabetes and AITD.
While the CTLA-4 codon 17 A/G polymorphism was as-
sociated with autoimmune hypothyroidism, the polymor-
phism was no more strongly associated with type 1 dia-
betes plus AITD than Graves’ disease or Hashimoto’s
thyroiditis alone. On the other hand in Japanese type 1
diabetes subjects under age 30 years (238), the G-variant
of the Thr17Ala CTLA-4 exon polymorphism was more
common in type 1 diabetes subjects than controls (39%
vs. 28%) and was more common in type 1 diabetes sub-
jects with AITD (54%) than either of the other groups.
The authors point out that while there are no data to sug-
gest that the Thr17Ala polymorphism influences the func-

tion of CTLA-4, this polymorphism may be linked to an
AT microsatellite polymorphism that could affect mRNA
stability.

A new locus on chromosome 13 termed Hashimoto’s
thyroiditis locus-1 (HD-1) was detected in linkage studies
in 1999 (239). This locus was uniquely linked to Hashi-
moto’s thyroiditis and did not show linkage to Graves’
disease. In a subset of the families studied, a locus on
chromosome 12 was linked to Hashimoto’s thyroiditis.
One locus on chromosome 6 (AITD locus-1 [AITD-1])
was linked to both Hashimoto’s thyroiditis and Graves’
disease. This locus was close to, but distinct from, the
HLA complex.

As opposed to the above population association stud-
ies, using family-based linkage studies many candidate
gene loci have been excluded as affecting AITD including
CTLA-4, the T-cell receptor V� and V� complexes, the
Ig heavy chain locus (240), the estrogen receptor alpha
gene, and the aromatase gene (241). The Graves’ disease-
1 locus (GD-1) on chromosome 14 is also not linked to
Hashimoto’s thyroiditis (242) nor is the TSH receptor
gene associated with AITD (243).

Thus the current state of the genetics of CLT can be
summarized as follows. In families, AITD including CLT,
atrophic thyroiditis, or Graves’ disease appears to be in-
herited as a dominant trait. HLA DR4 and/or DR5 are
associated with an increased risk for CLT. Loci on chro-
mosomes 2 (CTLA-4) and 13 also influence the devel-
opment of CLT. Non-MHC regions on chromosome 6 and
chromosome 12 deserve further study.

2. Effects of AITD on the Fetus and Newborn:
Congenital Hypothyroidism and Transient
Hyperthyrotropinemia

Women with CLT do not have a significantly increased
risk of bearing a infant with congenital hypothyroidism
because TMA, TPOAb, and TGA that do cross the pla-
centa are not pathogenic. This has been known for over
20 years (244). However, if the mother has antagonistic
TSH receptor autoantibodies, transient congenital hypo-
thyroidism or transient hyperthyrotropinemia can result
(245). In one study, 15 of 34 women giving birth to chil-
dren with congenital hypothyroidism had evidence of
TSH receptor antagonist autoantibodies (246). Variable
neonatal thyroid function can be observed in babies born
to mothers with AITD, ranging from hypothyroidism to
hyperthyroidism depending upon the mix and titer of ag-
onist vs. antagonist TSH receptor autoantibodies (247). A
report of familial nongoitrous congenital hypothyroidism
due to maternal AITD was reported as early as 1960
(248). In a North American study, TSH receptor-blocking
autoantibodies accounted for 2% of infants with congen-
ital hypothyroidism identified in a T4 screening program
and overall affected 1:180,000 newborns (249).

Thyrotropin-binding inhibitory immunoglobulins
have been identified in infant and maternal sera (250).
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Finding thyroid-binding inhibitory immunoglobulins in
mothers of infants with congenital hypothyroidism sug-
gests that the hypothyroidism will be transient. However,
thyroid replacement therapy in such infants should be con-
tinued until age 3 or 4 years when a trial without hormone
replacement can be carried out to confirm or deny that the
hypothyroidism is persistent (251).

3. Postpartum Thyroiditis
With an increasing frequency of adolescent girls becom-
ing mothers (intended or unintended teenage pregnancy),
pediatricians and pediatric endocrinologists must be aware
of postpartum thyroiditis that occurs in 5–10% of women
following delivery (252). Postpartum thyroiditis is a var-
iant of autoimmune thyroiditis: following delivery, moth-
ers can express any one of several possible clinical
courses including hypothyroidism (3–6 months following
delivery; �40% of cases of postpartum thyroiditis), hy-
perthyroidism (�35% of cases), or hyperthyroidism fol-
lowed by hypothyroidism (�25% of cases) (253,254). In
many cases, euthyroidism supervenes by 12 months post-
partum yet there is an high risk of hypothyroidism in the
long term (255). After 3–5 years, up to 25% of such
women can develop hypothyroidism. About one-third of
women with postpartum hyperthyroidism appear to have
Graves’ disease (256). Postpartum thyroiditis recurs very
commonly in subsequent pregnancies. An increased rate
of miscarriage in women with thyroid autoantibodies has
been suggested (257).

Postpartum thyroiditis may represent a rebound of
thyroid autoimmunity following delivery with release of
the general immunosuppressive state imposed on the im-
mune system by pregnancy (258). Effervescence of au-
toimmune disease following parturition is also seen in
women with other autoimmune diseases such as Graves’
disease and systemic lupus erythematosus. Women who
are positive for thyroid autoantibodies in the first trimester
have a 33–50% risk of experiencing postpartum thyroid-
itis. Women with type 1 diabetes are at threefold higher
risk for postpartum thyroiditis than women in the general
population (259).

During episodes of hypothyroidism, thyroid hormone
replacement in postpartum thyroiditis is appropriate to re-
store the euthyroid state. Thyroid hormone can be discon-
tinued at �9 months to observe whether the euthyroid
state has recurred. During a phase of hyperthyroidism, if
symptoms are mild, no therapy is indicated because thy-
rotoxicosis rarely lasts more than 1–2 months. Similar to
hashitoxicosis, postpartum thyrotoxicosis is usually the
consequence of thyroid gland destruction and release of
thyroid hormone; thus antithyroid drugs such as propyl-
thiouracil or methimazole are not indicated. Radioactive
iodine uptake in a hyperthyroid stage of postpartum thy-
roiditis is not elevated unless true Graves’ disease is pres-
ent. If therapy is required for thyrotoxicosis, a beta-
blocker such as propranolol can be used but the drug’s

dosage should be tapered once the destructive phase of
postpartum thyroiditis remits.

B. Graves’ Disease

Graves’ disease is the result of thyroid-stimulating auto-
antibodies (TSAb) that mimic the action of TSH by bind-
ing to and activating the TSH receptor (260). These im-
munoglobulins, upon binding to TSH receptors on the
surface of thyroid epithelial follicular cells, stimulate cy-
clic AMP production, and thus lead to excessive thyroid
hormone production and clinical hyperthyroidism (261).
Some TSAbs may also activate phospholipase A2 and
these autoantibodies may be particularly goitrogenic. The
TSH receptor is the major thyroid autoantigen in Graves’
disease. As opposed to CLT, in which thyroid gland de-
struction is mediated by a CD4 Th1-mediated cell-medi-
ated response, Graves’ disease results from a CD4 Th2
response against the TSH receptor (262).

Covering 60 kb, the 10 exon TSH receptor gene is
located on chromosome 14q31 (263). Smaller mRNA
transcripts can be observed, but the major mRNA is 4.3
kb. Prior to glycosylation, the TSH receptor apoprotein
core weighs 84.5 kDa and �100 kDa after glycosylation.
The first nine exons encode the N-terminal extracellular
domain of 398 amino acids. Six N-glycosylation sites are
identified in the extracellular domain. TSH binds to this
region of the TSHR. Encoded by a single large exon (exon
10), the 346 amino acid carboxyl half of the receptor con-
tains the seven hydrophobic transmembrane segments that
are connected by three extra- and three intracellular loops
and the cytoplasmic tail of the TSHR. This portion of the
TSHR demonstrates homology with other G protein-cou-
pled receptors and activates the Gs protein complex upon
TSH binding to the extracellular domain. The TSH recep-
tor is a member of the superfamily of G-protein-coupled
receptors. Other members of this receptor superfamily in-
clude the ACTH receptor, �-adrenergic and �-adrenergic
catecholamine receptors, luteinizing hormone (LH) recep-
tor, follicle-stimulating hormone (FSH) receptor, human
chorionic gonadotropin (hCG) receptor, glucagon recep-
tor, parathyroid hormone (PTH) receptor, and somato-
statin receptor. TSH receptor autoantibodies bind to the
extracellular domain of the receptor as expected (264).

TSAbs were first described in the McKenzie mouse
assay system as long-acting thyroid stimulator (LATS)
(265). LATS was observed as delayed, but prolonged, thy-
roid gland stimulation after the injection of human im-
munoglobulin into mice. In some patients with low levels
of LATS a substance that blocked LATS absorption by
thyroid cells was termed LATS protector (LATS-P) (266).
LATS-P corresponds more closely to human-specific
LATS. In commercial radioimmunoassays to measure
TRAbs, either thyrotrophin-binding inhibitory immuno-
globulins (TBII) or thyroid-stimulating immunoglobulins
(TSI) can be determined (267). TBII detect autoantibodies
that can bind to the TSH receptor by the ability of human
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serum to compete with radioactively labeled TSH for
binding to the TSH receptor. TBII titers are higher when
more [125I]TSH binding is inhibited. The TBII assay does
not differentiate agonistic autoantibodies as seen in
Graves’ disease from antagonistic autoantibodies as ob-
served in many cases of atrophic thyroiditis and some
cases of Hashimoto’s thyroiditis. On the other hand, the
TSI assay detects antibodies with stimulatory effects on
the TSH receptor as seen in Graves’ disease. The TSI
assay is typically negative in cases of autoimmune thy-
roiditis. The action of TSIs can be measured as the pro-
duction and release of cAMP or thyroid hormone from
slices of thyroid glands or cultured thyroid cells such as
the FRTL-5 thyrocyte line. The titer of TSIs does not cor-
relate with the severity of Graves’ disease.

Being IgG autoantibodies, TRAbs can cross the pla-
centa. In about 1% of pregnancies in which the mother
presently has Graves’ disease or had Graves’ disease in
the past, TRAbs with agonistic activity against the TSH
receptor produce fetal and neonatal hyperthyroidism. In
cases of maternal Graves’ disease, some experts have sug-
gested that testing for TRAbs should be undertaken in the
third trimester of pregnancy to assess the risk of neonatal
Graves’ disease. If the TRAb titer is high, there is an
increased risk of fetal and neonatal hyperthyroidism. Cord
blood testing for TRAbs is another approach if maternal
testing has not been pursued previously. TRAbs may be
persistent even if the mother has had a thyroidectomy for
treatment of Graves’ disease or is spontaneously euthy-
roid.

The clinical appearance of neonatal hyperthyroidism
may be delayed for 3–10 days if the mother was treated
with the antithyroid drugs propylthiouracil or methima-
zole. Because TRAbs can represent a mixture of agonistic
(e.g., TSIs) and antagonistic TSH receptor autoantibodies,
the clinical course in the neonate born to a woman with
Graves’ disease can be variable. If there is sustained fetal
tachycardia, treatment of fetal hyperthyroidism with ma-
ternal administration of propylthiouracil and concurrent
T4 can be considered because of the increased risk of poor
fetal outcome (268).

TMA/TPOAb and/or TGA are found in the sera of a
large percentage of patients with Graves’ disease. These
autoantibodies, therefore, do not differentiate CLT from
Graves’ disease. In patients with sustained hyperthyroid-
ism, and exophthalmos and/or pretibial myxedema, who
are positive for TMA/TPOAb and/or TGA, the diagnosis
of Graves’ disease is appropriate. However with positive
TMA/TPOAb and/or TGA, if the patient is predominantly
clinically euthyroid with goiter or hypothyroid and an ep-
isode of hyperthyroidism lasted only 2 months or less, the
appropriate diagnosis is CLT with temporary hashitoxi-
cosis from transient accelerated thyroid gland destruction.
The radioactive iodine uptake in Graves’ disease is ele-
vated; the radioactive iodine uptake in hashitoxicosis is
not elevated.

In terms of genetic susceptibility to Graves’ disease,
it has already been mentioned that AITD, including
Graves’ disease, is often inherited in an apparent autoso-
mal dominant mode within affected families (269). First-
degree family members of individuals with Graves’ dis-
ease display a high frequency of thyroid autoantibodies
and AITD as well as GPCA, pernicious anemia, islet au-
toantibodies, and type 1 diabetes (270). Graves’ disease is
associated with HLA-DR3 (271), but, within families, in-
heritance of AITD is not linked to the inheritance of spe-
cific HLA haplotypes (272). In the HLA-DQ region,
Graves’ disease is associated with DQA1*0501 (273). Re-
cently the HLA DRB3*020/DQA1*0501 haplotype has
been associated with Graves’ disease in African–Ameri-
cans (274).

In the mid-1990s, CTLA-4 polymorphisms on chro-
mosome 2q33 were implicated in influencing genetic sus-
ceptibility to Graves’ disease (275). Researchers studied a
CTLA-4 gene (AT)n microsatellite polymorphism within
the 3� untranslated region of exon 3. The relative risk for
Graves’ disease with the 106-base pair allele was 2.82.
Two years later the CTLA-4 exon 1, 49 A/G polymor-
phism interchanging alanine for threonine was associated
with Graves’ disease (276). Graves’ disease patients show
more alanine alleles than controls (73% vs. 58%). The
CTLA-4 A/G polymorphism was substantiated in a new
data set from the United Kingdom in 1999 (277). These
investigators also found preferential transmission of the A
allele to offspring with Graves’ disease. Researchers from
the University of Newcastle-upon-Tyne calculated that
50% of inherited susceptibility to Graves’ disease was
provided by the CTLA-4 and MHC regions (278).

Loci on chromosomes 14q31 (termed GD-1 [242,
279]), 12q (IFN-� [280]), 6 (TAP1 and TAP2 [281]),
20q11.2 (termed GD-2 [282,283]) and the X chromosome
(termed GD-3 [279]), IL-4 promoter (chromosome 5q31.1
[284]), vitamin D receptor (285) and chromosome 18q21
(286) have subsequently been linked to or associated with
Graves’ disease. Loci shown not be associated with
Graves include the TSH receptor (287,288),TNF receptor
2 (chromosome 1p36.3-p36.2 [289]), IL-1�, IL-1�, IL-1
receptor antagonist, IL-1 receptor, IL-4 receptor, IL-6, IL-
10, and TGF-� (284,290). Although the MHC and CTLA-
4 loci appear to have the greatest influence on the devel-
opment of Graves’ disease, many other loci are under
investigation on multiple chromosomes (291).

Exophthalmos in Graves’ disease and other thyroid
disorders is also believed to be immunologically mediated
(292). The spectrum of such associations is termed thy-
roid-associated ophthalmopathy (TAO). Clinically euthy-
roid patients presenting with exophthalmos often have
TMA, TGA, and LATS-P (293). Even without frank ex-
ophthalmos, 68% of patients with Graves’ disease have
abnormally increased intraocular pressure on upward gaze
(294).

Since part of the thyroid’s lymphatic drainage tra-
verses the retro-orbital space, it has been postulated that
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thyroid antigens such as thyroglobulin might attach to
the eye muscles and cause tissue damage as immune
complexes are formed between thyroglobulin and anti-
thyroglobulin autoantibodies. An exophthalmos-stimulat-
ing autoantibody has been described. Antibody to a sol-
uble eye-muscle antigen has also been demonstrated. A
older hypothesis that is again gaining favor proposes that
growth of retro-orbital tissues in autoimmune exoph-
thalmos is due to TSH receptors on fat cells and muscle
cells that are affected by thyroid-stimulating immuno-
globulins. The nature of the orbital antigens is unresol-
ved and controversial, revolving around discussions of
the TSH receptor, a 64 kD autoantigen (295), a 72 kD
heat shock protein (296), and the G2s gene product
(297). Regarding the causes of ophthalmopathy associ-
ated with Graves’ disease, there is evidence for both CD4
Th1 and CD4 Th2 subset involvement (298). Various
therapies for extreme exophthalmos that threaten vision
include prednisone, orbital irradiation, surgical decom-
pression, and newer uses of immunomodulatory agents
such as nicotinamide (299).

V. AUTOIMMUNE ADDISON’S DISEASE

Addison’s disease is manifested as glucocorticoid and
mineralocorticoid deficiency. Second only to iatrogenic
adrenal cortical suppression from exogenous glucocorti-
coid administration, autoimmune adrenalitis with lympho-
cytic infiltration of the adrenal cortex is the most common
cause of Addison’s disease. In the era before antibiotics
were available, tuberculosis was the most common cause
of adrenal failure.

Complement-fixation testing using saline extracts of
adrenal tissue was the first methodology employed to de-
tect adrenal autoantibodies (300). Shortly thereafter, in-
direct immunofluorescence using cryocut sections of un-
fixed human adrenal cortical tissue became the method of
choice for the detection of adrenal autoantibodies. Cyto-
plasmic fluorescence of the adrenal cortical cells demon-
strates that adrenal cytoplasmic autoantibodies are present
in the serum being tested (301). All layers of the adrenal
cortex often fluoresce, whereas the medulla rarely fluo-
resces (302). The adrenal cortical cytoplasmic autoanti-
gens were localized to the microsomes of the adrenal cor-
tical cells by examination of ultracentrifuged adrenal
fractions (303). A peroxidase-labeled protein A technique
has been also been developed to detect adrenal autoanti-
bodies (304). However, the results of such autoantibody
testing were not identical to those using indirect immu-
nofluorescence. Adrenal cytoplasmic autoantibodies are
detected in up to 75–80% of new-onset subjects with Ad-
dison’s disease (305).

Autoantibodies to the surface of human or murine
adrenocortical cells can be detected in some patients by
indirect immunofluorescence. In one study, 24 of 28 in-
dividuals (86%) with Addison’s disease displayed auto-

antibodies to the adrenal cell surface (306). Cytoplasmic
and surface autoantibodies are strongly correlated. Be-
cause of the difficulty and expense of obtaining isolated
viable adrenal cortical cells, such tests for surface auto-
antibodies are relegated to research laboratories and have
been replaced by the enzyme autoantibody immunoassays
discussed below.

In the 1990s, with the molecular cloning of the ad-
renal steroidogenic enzymes, various immunoassays were
developed to detect autoantibodies directed against these
enzymes. The adrenal enzymes 17-alpha-hydroxylase
(307), 21-hydroxylase (308,309), and the side chain cleav-
age enzyme P450scc have been shown to be autoantigens
targeted in individuals with adrenalitis. The P450scc en-
zyme autoantibody is identified in sera from patients with
autoimmune polyglandular syndrome type 1 but not in
patients with isolated autoimmune Addison’s disease
(310). The 21-hydroxylase autoantibodies are believed to
be most clearly associated with Addison’s disease and ad-
renal cytoplasmic autoantibodies (311). Germane to 21-
hydroxylase as a major autoantigen in Addison’s disease
is that in-vitro-demonstrated suppression of in-vivo 21-
hydroxylase activity does not advance progression to ad-
renal failure (312). This illustrates that while adrenal au-
toantibodies are plentiful in autoimmune Addison’s
disease, these autoantibodies are not pathogenic.

Similarly to the natural history of type 1 diabetes, the
development of Addison’s disease passes through various
sequential, cumulative stages: elevated renin and normal
to low aldosterone, deficient cortisol response to ACTH
injection, elevated basal ACTH concentrations, and defi-
cient basal aldosterone and cortisol secretion (313). Sim-
ilarly to the predictive function of islet autoantibodies for
the development of type 1 diabetes, autoantibodies di-
rected against the adrenal cortical cytoplasm or steroido-
genic enzymes precede the first appearance of the clinical
manifestations of Addison’s disease (314).

Adrenal cytoplasmic autoantibodies are predictive of
the development of Addison’s disease in children and, to
a lesser degree, in adults (315). Complement-fixing ad-
renal cytoplasmic autoantibodies may be more strongly
associated with progression to adrenal failure than those
that do not fix complement (316). This likely reflects the
fact that complement-fixing autoantibodies are higher-titer
autoantibodies. This certainly appears to the case for
‘‘non-complement-fixing’’ ICA vs. ‘‘complement-fixing’’
ICA: higher-titer ICA more strongly predict the develop-
ment of type 1 diabetes in nondiabetic individuals.

Addison’s disease occurs in less than 3 years in up
to 50% of initially asymptomatic adrenal cytoplasmic
autoantibody-positive individuals. In adrenal cytoplasmic
autoantibody-positive children, 9 of 10 developed Addi-
son’s disease during follow-up of up to 10 years. The
nonaddisonian child, nevertheless, still had laboratory
evidence of adrenal insufficiency (317).

The relationship between increased titers of adrenal
autoantibodies (both cytoplasmic and 21-hydroxylase au-
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toantibodies) and more severe degrees of impaired adre-
nocortical function and increased risk of progression to
Addison’s disease has been recognized (318). In the nat-
ural history of the development of Addison’s disease, ad-
renal autoantibody concentrations were reported to rise
until the development of clinical disease, when autoanti-
body reactivity waned.

Excluding autoimmune polyglandular syndrome 1,
isolated autoimmune Addison’s disease and autoimmune
Addison’s disease associated with autoimmune polyglan-
dular syndrome 2 has been associated with HLA-B8 and
HLA-DR3. These associations are no stronger than the
HLA associations discussed for AITD and are considera-
bly weaker than the HLA associations described for type
1 diabetes. Adrenalitis commonly occurs with other au-
toimmune diseases (autoimmune polyglandular syndrome
types 1 and 2 [319]) and Addison’s disease by itself or as
part of autoimmune polyglandular syndrome 2 has also
been associated with HLA-DR4 in addition to HLA-DR3.
Therefore, the genetic basis for type 1 diabetes and Ad-
dison’s disease is, in part, similarly linked to an HLA-
associated gene or genes.

Polymorphisms of the CTLA-4 gene at the 49 A/G
site were associated with Addison’s disease in subjects
with the HLA-DQA1*0501 allele (320). In studies of the
(AT)n microsatellite within exon 3, the 106 base pair al-
lele was more common in English patients with Addison’s
disease than controls but no difference was observed in
Norwegians, Finns, or Estonians (321). In 2000, a study
from the United Kingdom demonstrated an association be-
tween the G allele of the CTLA-4 A/G polymorphism in
isolated Addison’s disease as well as Addison’s disease
that was part of autoimmune polyglandular syndrome type
2 (322).

VI. ACQUIRED PRIMARY
GONADAL FAILURE

In patients with hypergonadotropic hypogonadism, the
presence of serum steroidal cell autoantibodies (SCA) de-
tected by indirect immunofluorescence supports the di-
agnosis of an autoimmune cause for primary gonadal
failure (323). SCA were described using indirect immu-
nofluorescence as early as 1968 (324). In patients of either
gender, such autoantibodies react with steroid hormone-
producing cells in the theca interna/granulosa layer of
graafian follicles, cells of the corpus luteum, the placental
syncytiotrophoblast, Leydig’s cells of the testes, and cells
of the normal adrenal cortex. If SCA are present, an in-
dependent determination about the presence of adrenal cy-
toplasmic autoantibodies cannot be made.

Premature menopause, male climacteric, or infertility
are clinical manifestations of gonaditis (325). Gonaditis is
seen more often in female patients and is usually recog-
nized in association with autoimmune polyglandular syn-
drome type 1 but can occur in autoimmune polyglandular

syndrome type 2. Approximately 1:4 women with auto-
immune Addison’s disease will exhibit amenorrhea and
10% will develop premature ovarian failure (326). In the
absence of associated autoimmune disorders, SCA specif-
ically against the ovary can be rare (327). On the other
hand, Fenichel et al. (328) observed gonadal autoantibod-
ies in �60% of cases of idiopathic premature ovarian fail-
ure. SCA frequently predict later ovarian failure. Over 12
years of follow-up, ovarian failure occurred in 100% of
SCA-positive women with autoimmune polyglandular
syndrome type 1 (329).

Autoantibodies directed against steroidogenic en-
zymes in cases of gonaditis should not be surprising given
the embryological commonality of the adrenal cortex and
gonads. However, in the absence of associated adrenal
autoimmunity, autoantibodies to P450scc 17-hydroxylase
and 21-hydroxylase are uncommon (330,331), while au-
toantibodies to 3�-hydroxysteroid dehydrogenase have
been reported in at least one study (332). Autoantibodies
to 3�-hydroxysteroid dehydrogenase in women with pre-
mature ovarian failure have been associated with DQB1
alleles with aspartic acid at position 57 (333). This might
be somewhat surprising since non-aspartic-acid residue 57
DQB1 alleles increase risk for type 1 diabetes.

VII. IDIOPATHIC HYPOPARATHYROIDISM

Idiopathic (presumed autoimmune) hypoparathyroidism in
children is often seen in association with mucocutaneous
candidiasis or autoimmune Addison’s disease as part of
autoimmune polyglandular syndrome type 1 (334). Lym-
phocytic infiltration of the parathyroid glands is observed
in cases of idiopathic hypoparathyroidism, especially if
associated with autoimmune polyglandular syndrome type
1. This attests to the autoimmune nature of so-called idi-
opathic hypoparathyroidism in at least some patients.

There is continued controversy about whether para-
thyroid autoantibodies can be detected by indirect im-
munofluorescence (335,336). Parathyroid autoantibodies
detected by indirect immunofluorescence can be preab-
sorbed with human mitochondria, indicating that such
parathyroid autoantibodies are not tissue-specific (337).
Using Western blotting, autoantibodies to the extracellular
domain of the calcium receptor in patients with hypo-
parathyroidism have been reported (338). However this
finding has yet to be substantiated by other research lab-
oratories. Autoantibodies cytotoxic for cultured bovine
parathyroid cells in subjects with hypoparathyroidism
have been described (339). Finally autoantibodies to cir-
culating parathyroid hormone (340,341) and the renal tu-
bular parathyroid hormone receptor (342) have been ob-
served in adults but have not so far been described in
children.

In the absence of recognized causes of hypoparathy-
roidism (eg., postparathyroidectomy or DiGeorge syn-
drome), and in the absence of candidiasis and Addison’s
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disease (or adrenal autoantibodies), it is presently not pos-
sible to confirm the diagnosis of idiopathic hypoparathy-
roidism as autoimmune in etiology because of the lack of
confirmed autoantibodies to the parathyroid gland that can
be easily measured (see Chapter 19).

VIII. HYPOPHYSITIS AND AUTOIMMUNE
DISEASE OF THE PITUITARY

In rare cases of hypopituitarism in which mass lesions of
the pituitary were suspected, histological examination of
surgical specimens has revealed hypophysitis (343). Such
idiopathic lymphocytic hypophysitis is believed to be au-
toimmune in etiology. In some patients with type 1 dia-
betes, as well as their immediate relatives, autoantibodies
reactive with prolactin and growth-hormone-secreting
cells have been visualized by indirect immunofluores-
cence (344). No associations between such autoantibodies
and clinical disease were recognized in these individuals.
By Western blotting, pituitary autoantigens of 40 kDa and
49 kDa have been identified, although expression of these
proteins was not restricted to the pituitary (345). For the
49 kDA autoantibody, positive sera were most common
in subjects with lymphocytic hypophysitis (70%) with
lower frequencies in subjects with Addison’s disease
(42%), thyroid autoimmunity (15%), rheumatoid arthritis
(13%), and normal subjects (10%). In a group of Swedish
patients with hypopituitarism, 28% had 49 kDa autoanti-
bodies (346). Cases of lymphocytic hypophysitis continue
to be reported (347) and definitely occur in children (348).
However idiopathic hypopituitarism in children is be-
lieved generally to be rarely caused by autoimmunity
(349).

IX. AUTOIMMUNE DIABETES INSIPIDUS

In some patients with idiopathic diabetes insipidus (DI),
autoantibodies to the antidiuretic-hormone-producing cells
of the hypothalamus have been recognized (350). Prob-
lematic is the need for fresh human hypothalamus as sub-
strate for indirect immunofluorescence. DI-associated hy-
pothalamic (vasopressin-cell) autoantibodies are not
removed by preabsorption with vasopressin, oxytocin,
neurophysin I, or neurophysin II (351). Up to one-third
of children with otherwise idiopathic DI may have an au-
toimmune process responsible for their condition. An
adult has been reported with scleroderma and DI (352).
Suspected autoimmune DI has also been observed in cases
of autoimmune polyglandular syndrome type 1 (353) and
other autoimmune conditions (354–356). Adolescents
with autoimmune DI and hypophysitis have been reported
(357,358). Most cases of hypophysitis do not involve the
posterior pituitary. DI-associated hypothalamic (vasopres-
sin-cell) autoantibodies can precede the development of
DI and appear to be predictive of the development of DI
in initially unaffected subjects (359,360).

X. ASSOCIATED NONENDOCRINE
AUTOIMMUNE DISEASES

A. Chronic Lymphocytic Gastritis Producing
Atrophic Change

Gastritis has been classified as type A gastritis with spar-
ing of the antrum, evidence of autoimmunity to the gastric
parietal cells, destruction of the parietal cells and hyper-
gastrinemia; or as type B gastritis due to Helicobacter
pylori infection with involvement of the antrum and hy-
pogastrinemia (361). Autoimmune atrophic gastritis (type
A gastritis) due to chronic lymphocytic infiltration of the
gastric fundus, as noted previously, is commonly associ-
ated with thyroiditis and type 1 diabetes (362–364). In
this process the gastric parietal cells in the fundus and
body of the stomach are destroyed along with their ability
to secrete hydrochloric acid and intrinsic factor. Achlor-
hydria can be frequently found; however, intrinsic factor
secretion is usually preserved except in cases of long-
standing gastric autoimmunity. With prolonged deficiency
of intrinsic factor, pernicious anemia manifested as a meg-
aloblastic anemia and neuropathy may occur during mid
to late life.

Autoantibodies to the cytoplasm of the gastric parietal
cell (PCA) and autoantibodies that block vitamin B12
binding to intrinsic factor (IF-blocking autoantibodies), or
block the absorption of the IF–vitamin B12 complex, are
markers for chronic lymphocytic gastritis. PCA are as-
sayed by indirect immunofluorescence using stomach fun-
dus as substrate. As noted previously, the target autoan-
tigen in chronic lymphocytic gastritis is the H�/K�

ATPase pump. An ELISA methodology for the detection
of H�/K� ATPase pump autoantibodies has been described
(365).

Gastric parietal cell autoantibodies often appear early
in the course of the disease, are associated with achlor-
hydria, and are absent in about half the patients by the
time pernicious anemia is clinically apparent. Intrinsic
factor autoantibodies can appear late in the course of dis-
ease, often close to the onset of pernicious anemia and
thereafter.

B. Chronic Hepatitis

In the absence of a previous hepatitis B or hepatitis C
infection, chronic hepatitis may result from an autoim-
mune process. Chronic autoimmune hepatitis is observed
frequently in autoimmune polyglandular syndrome type 1.
The presence of autoantibodies to smooth muscle (SMA;
�50% prevalence), mitochondria (antimitochondrial an-
tibodies [AMA]; �15% prevalence) and liver–kidney–
mitochondrion-1 [LKM1]) can serve as markers for
autoimmune hepatitis (366). Although nonspecific, anti-
nuclear antibodies (ANA) can also be observed in �80%
of cases of autoimmune hepatitis.
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Table 11 Autoimmune Polyglandular Syndromes

Diabetes

Type 1 Type 2

Adrenalitis/Addison’s disease ��� ���
Hypoparathyroidism ��� �
Mucocutaneous candidiasis ��� �
Dental enamel hypoplasia/nail dystrophy �� �
AITD � ���
Type 1 diabetes � ���
Gonaditis �� �
Hypophysitis � �
Autoimmune hepatitis �� �
Vitiligo/alopecia � �
Dermatitis herpetiformis � �
Fat malabsorption � �
IgA deficiency � �
Celiac disease � �
Autoimmune pernicious anemia � �
Pure red cell aplasia � �
Immune thrombocytopenic purpura � �
Progressive myopathy � �
Myasthenia gravis � �
Stiff man syndrome � �
Parkinson’s disease � �

�, unobserved or rare; �, observed; ��, common; ���, patho-
gnomonic.

Table 10 Autoimmune Polyglandular Syndromes

Type Diagnostic criteria

1 At least two of the following:
Mucocutaneous candidiasis
Hypoparathyroidism
Addison’s disease or adrenal autoantibodies

2 Addison’s disease (or adrenal autoantibodies) plus
Autoimmune thyroid disease (Schmidt syndrome)
Insulin dependent diabetes, or
Autoimmune thyroid disease and insulin-dependent

diabetes (Carpenter syndrome)

Nine different mitochondrial antigens have been de-
scribed termed M1 through M9. The E2 subunit of the
pyruvate dehydrogenase complex (the M2 AMA antigen),
the asialoglycoprotein receptor (367), cytochrome P450,
UDP-glucuronosyl-transferases (368), and F-actin (the
SMA autoantigen) are autoantigens described in chronic
hepatitis.

C. Celiac Disease

Celiac disease (also known as celiac sprue or gluten-in-
duced enteropathy) is characterized by gluten intolerance,
abnormal small bowel histological changes, and malab-
sorption. IgA autoantibodies against gliadin, reticulin, and
endomysium have been described in subjects with celiac
disease, but the major autoantigen appears to be the en-
zyme transglutaminase (369). Individuals with transglu-
taminase autoantibodies (370) should undergo periodic
small bowel biopsy. If the histological findings of celiac
disease are identified, wheat and wheat products should
be eliminated from the diet. Transglutaminase autoanti-
bodies have been detected in �10% of subjects with type
1 diabetes.

XI. AUTOIMMUNE DISEASE
ASSOCIATIONS

The concurrence of multiple autoimmune endocrinopa-
thies (with or without other nonendocrine autoimmune
diseases) is common. Two consistent associations have
been classified into the autoimmune polyglandular syn-
dromes (APS) (371,372) (Table 10). Almost every disease
combination (Table 11) has been noted clinically.

A. APS-1

In APS-1, the primary diseases usually present clinically
in the order listed in Table 10. If a component disease is
skipped, it usually does not present later. Malabsorption,
early-onset pernicious anemia, alopecia, vitiligo, primary

hypogonadism, and chronic active hepatitis may fre-
quently accompany APS-1. AITD and/or type 1 diabetes
are infrequently encountered. Another term used for APS-
1 is autoimmune polyendocrinopathy–candidiasis–ecto-
dermal dystrophy (APECED), emphasizing that selective
immunoendocrinopathies are associated with candidiasis
and ectodermal problems.

APS-1 can be identified in siblings although most
cases are sporadic. The greatest recent development in the
genetics of autoimmune endocrine disease was the iden-
tification of a single gene locus termed the autoimmune
regular (AIRE) that is responsible for APS-1 (373) [lo-
cated on chromosome 21 (374)]. Homozygosity or com-
pound heterozygosity for AIRE mutations produces APS-
1 in an autosomal recessive pattern of inheritance (375).
The predicted protein sequence of AIRE suggests that
AIRE functions as a transcription factor (376).

B. APS-2

APS-2 was first described by Schmidt (Schmidt syn-
drome: Addison’s disease plus chronic lymphocytic thy-
roiditis) and later as Carpenter syndrome (Schmidt syn-
drome plus type 1 diabetes). Unlike APS-1, which
presents in childhood, APS-2 can occur at any age, but
occurs more commonly in midlife and shows a female
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Table 12 Autoimmune Endocrinopathy Associations

A. Type 1 diabetes Autoimmune thyroid disease
Chronic lymphocytic thy-

roiditis
Graves’ disease

Pernicious anemia
Addison’s disease

B. Genetic syndromes
(Down, Turner,
Klinefelter)

Type 1 diabetes
Autoimmune thyroid disease

Chronic lymphocytic thy-
roiditis

Graves’ disease
Pernicious anemia

C. Congenital infections
(rubella)

Type 1 diabetes
Chronic lymphocytic thyroiditis

Table 13 Clinically Useful Tests for the Diagnosis of Autoimmune Endocrinopathies and Related Diseases

Disease Autoantibody Technique

Type 1 diabetes ICA: Islet cell cytoplasmic autoantibody
IAA: Insulin autoantibody
GADA: GAD autoantibody
IA-2A: IA-2 autoantibody

IFL (unfixed blood group O pancreas)
RBA
RBA
RBA

Chronic lymphocytic thyroiditis TMA: Thyroid microsomal autoantibody
TPOAb: thyroperoxidase autoantibody
TGA: Thyroglobulin autoantibody

HA, IFL, RIA, CF, latex agglutination
RIA or immunochemiluminometric assay
HA, IFL, RIA, CF, latex agglutination

Graves’ disease TMA, TPOAb, TGA
TBII: Thyrotropin-binding inhibitory im-

munoglobulin
TSI: Thyroid-stimulating immunoglobulin

See above
Radioreceptor assay

In vitro bioassay, RIA
Addison’s disease ACA: Adrenal cytoplasmic autoantibody

21-hydroxylase autoantibody
IFL
RBA

Primary gonadal failure SCA: Steroidal cell autoantibody
3�-hydroxysteroid dehydrogenase autoan-

tibody

IFL
RBA

Associated nonendocrine diseases
Chronic lymphocytic gastritis/

pernicious anemia
PCA: Gastric parietal cell autoantibody
IFAb: Intrinsic factor blocking autoantibody

IFL
RIA

Chronic active hepatitis SMA: Smooth muscle autoantibody
Mitochondrial autoantibody

IFL
IFL

Celiac disease Transglutaminase autoantibody ELISA
Vitiligo Melanocyte or tyrosinase autoantibody IFL

WB

CF, complement fixation; ELISA, enzyme-linked immunosorbent assay; HA, hemagglutination; IFL, indirect immunofluorescence; RBA,
radiobinding assay; RIA, radioimmunoassay; WB, Western blot.

predominance (2:1) in contrast to APS-1 in which the gen-
der ratio is unbiased. APS-2 is strongly associated with
HLA-DR3 and DR4 and may share certain common ge-
netic origins with type 1 diabetes (377). However, when
subjects with type 1 diabetes are excluded from the APS-
2–HLA analysis, the strong HLA association disappears.

C. Other Autoimmune Endocrinopathy
Associations

The association of type 1 diabetes with thyrogastric au-
toimmunity is of great clinical importance (378) (Table
12). Approximately 20% of patients with type 1 diabetes
have TMA, and 9% have PCA. These autoantibodies are
usually present at the time of diagnosis of type 1 diabetes.
Of type 1 diabetes patients with TMA, almost one-half
will eventually manifest thyroid dysfunction. Of these,
80% develop primary hypothyroidism, while the remain-
ing 20% will manifest Graves’ disease. Hyperthyroidism
may precede the clinical onset of type 1 diabetes.

In childhood, frank pernicious anemia is unusual in
type 1 diabetes patients with PCA; however, achlorhydria
is commonly associated with the PCA autoantibody. Ad-
renal cytoplasmic autoantibodies are present in 2% of type
1 diabetes patients and are most commonly associated
with TMA and PCA (APS-2). Six percent of children and
young adults with type 1 diabetes and TMA have adrenal
cytoplasmic autoantibodies. Approximately one-half of
patients with adrenal cytoplasmic autoantibodies will
show evidence of chemical hypoadrenocorticalism (i.e.,
raised basal renin/ACTH levels) while 20% will have
more overt features of adrenocortical insufficiency when
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Table 14 Clinical Evaluation of Individuals Positive for Various Autoantibodies

Condition/autoantibody(s) Yearly clinical evaluation/measurement

ICA, GADA, IA-2A and/or IAAa Frequently sampled intravenous glucose tolerance test: if first-phase insulin re-
sponse is repeatedly <1% percentile, enter into research trial to prevent type
1 diabetes*; in established type 1 diabetes: measure TMA/TPOAb and/or
TGA, and PCA; islet autoantibody positivity usually confirms autoimmune
diabetes from beta-cell attack.

TMA, TPOAb, and/or TGA TSH measurement; if abnormal: measure FT4; treat either hypo- or hyperthy-
roidism; measure PCA (because of thyrogastric autoimmunity association)

Adrenal cytoplasmic autoantibody (or) 21-
hydroxylase autoantibody

Cortrosyn stimulation test; supine renin; treat glucocorticoid and/or mineralo-
corticoid deficiency (Addison’s disease)

Steroidal cell autoantibody (or) 3�-hy-
droxysteroid dehydrogenase autoanti-
body

Estradiol in women or testosterone in men, LH and FSH; treat hypogonadism;
also: evaluate adrenal function as per adrenal cytoplasmic autoantibody or
21-hydroxylase autoantibody positive

Gastric parietal cell autoantibody Vitamin B12 (if >100 and <300 pg/ml: measure plasma or urine methylmalonic
acid); ferritin; treat vitamin B12 and/or iron deficiency; measure TMA/
TPOAb and TGA (because of thyrogastric autoimmunity association)

Smooth muscle autoantibody (or) mito-
chondrial autoantibody

Alanine amino transferase; if abnormal: total protein, albumin, total and direct
bilirubin, alkaline phosphatase; liver biopsy; if hepatitis is detected, treat au-
toimmune hepatitis (e.g., glucocorticoid therapy)

Transglutaminase autoantibodies Small bowel biopsy
Autoimmune polyglandular syndrome type

1 without apparent hypoparathyroidism
Calcium and phosphate; if hypocalcemia and/or hyperphosphatemia detected:

measure intact PTH; treat hypoparathyroidism
Autoimmune polyglandular syndrome type

1 without apparent hypoadrenalism
Adrenal cytoplasmic autoantibody (or) 21-hydroxylase autoantibody [and] cor-

trosyn stimulation test and supine renin; manage as above per adrenal cyto-
plasmic or 21-hydroxylase autoantibody-positive

Mucocutaneous candidiasis and/or isolated
hypoparathyroidism

Test for adrenal cytoplasmic or 21-hydroxylase autoantibodies; if positive, fol-
low up as per adrenal cytoplasmic autoantibody or 21-hydroxylase autoanti-
body-positive

aFor research purposes only.

studied (379). At least 1:6 such patients will ultimately
develop clinical Addison disease, giving an overall prev-
alence of Addison disease in type 1 diabetes patients of
0.33% (1:300).

In many genetic syndromes, especially those with
chromosomal abnormalities (i.e., Down, Turner, and
Klinefelter syndromes), increased frequencies of autoim-
mune endocrinopathies (especially thyrogastric autoim-
munity and type 1 diabetes) are recognized. In patients
with congenital infections such as rubella, the frequencies
of AITD and type 1 diabetes are increased. Undoubtedly
new autoimmune polyendocrinopathies will continue to
be described in the future such as the triple H syndrome
(dysfunction of the hippocampus [impaired anterograde
memory], hair follicle [alopecia areata], and hypotha-
lamic–pituitary–adrenal axis from isolated ACTH defi-
ciency) (380).

Table 13 outlines a variety of tests available for au-
toantibody detection. Those in bold are often of greatest
potential value to the clinician. A positive autoantibody
result in an unaffected individual can predict the later de-
velopment of autoimmune disease. In an affected individ-
ual, a positive autoantibody result can demonstrate that

the disease in question has an autoimmune cause. A clin-
ical approach to the testing of clinically unaffected yet
autoantibody-positive individuals is presented in Table 14
(see below). Again, prediction and prevention studies con-
cerning type 1 diabetes should only be carried out in a
research setting.

XII. CLINICAL APPROACH TO THE
AUTOIMMUNE ENDOCRINOPATHIES
AND RELATED DISEASES

In general, whenever one autoimmune disease is sus-
pected or diagnosed, a search for other autoimmune dis-
eases should be launched guided by knowledge of the
common associations noted previously (381,382).

Any patient with TMA/TPOAb should be studied for
PCA and vice versa. Any patient with TMA/TPOAb
and/or PCA should be evaluated for adrenocortical cyto-
plasmic or 21-hydroxylase autoantibodies, especially if
type 1 diabetes is present. Because of the high frequency
of CLT and atrophic gastritis in patients with type 1
diabetes, all type 1 diabetes patients should be screened



708 Winter

at the time of diagnosis of type 1 diabetes for TMA/
TPOAb and PCA (383). Patients with serological evi-
dence of thyroid autoimmunity should have thyroid-stim-
ulating hormone (TSH) measured yearly to detect
incipient hypo- or hyperthyroidism in their earliest stages
(384). PCA-positive patients should have yearly measure-
ments of serum vitamin B12 and ferritin levels, and be
given replacement treatment accordingly.

At present, screening for ICA, IAA, GADA, and IA-
2A in the general population and first-degree relatives of
type 1 diabetes patients is not recommended outside of
the research setting because definitive, safe, and totally
efficacious immunotherapy is not currently available.
Likewise HLA typing to assess risk for type 1 diabetes is
not recommended. On the other hand, individuals with a
family history of CLT or atrophic gastritis should be
screened for TMA/TPOAb and PCA.

Patients with mucocutaneous candidiasis and/or hy-
poparathyroidism should be tested for adrenal cytoplasmic
or 21-hydroxylase autoantibodies. Patients with such au-
toantibodies should then undergo yearly assessment of ad-
renal function consisting of a cortrosyn stimulation test
and/or morning cortisol and ACTH measurements and pe-
ripheral plasma renin activity after the patient has been
supine for at least 30 min. Patients with APS-1 should be
tested for steroidal cell autoantibodies and the develop-
ment of gonadal failure near the time of puberty. This can
be accomplished by measuring levels of sex steroids and
gonadotropins. Such patients should also be screened for
mitochondrial and smooth-muscle autoantibodies as indi-
cators of chronic active hepatitis. At that time, serial stud-
ies of liver function (e.g., ALT) would be indicated.

XIII. SUMMARY

Numerically, the majority of endocrine disorders seen in
childhood are the result of autoimmune processes. Rec-
ognition of the interrelationships among the autoimmune
endocrinopathies provides the rationale for autoantibody
screening. Identification of autoantibody-positive individ-
uals followed by appropriate endocrine testing allows the
clinician to anticipate and treat disease states before their
frank clinical presentation. This can lower the morbidity
and mortality of autoimmune endocrine disorders in child-
hood. In the long run, this should lower the costs of caring
for patients with these highly prevalent conditions.
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I. INTRODUCTION

The multiple endocrine neoplasia (MEN) syndromes are
inherited diseases characterized by the occurrence of tu-
mors in two or more endocrine glands in a single patient
and/or the family member of the patient. Although they
are relatively rare, their importance is due to their risk of
malignancies, which can be reduced by early diagnosis
and treatment, especially among family members. There
are two types of MEN syndromes, types 1 and 2, with
distinct patterns of tissue involvement (Table 1).

II. MEN-1

Multiple endocrine neoplasia type 1 (Wermer syndrome)
is an autosomal dominant disorder defined by a collective
predisposition to tumors of the endocrine glands of the
parathyroids, anterior pituitary, and pancreatic islets. More
rarely, foregut carcinoid tumors may arise, while nonen-
docrine tumor expressions such as lipomas, facial angio-
fibromas, and skin collagenomas are relatively frequent.
The prevalence of MEN-1 as estimated by autopsy studies
approximates 2.5:1000 (1). However 1–18% of patients
with primary hyperparathyroidism have been reported to
have underlying MEN-1 (the prevalence is age dependent)
while among patients with a gastrinoma the prevalence
has been reported from 16 to 38%, and to near 3% among
patients with pituitary tumors (2). All age groups may be
affected, but in 80% of patients, the clinical manifesta-
tions will have appeared by the fifth decade of life (3).
PTH secreting tumors are very rare in children, but they
are increasingly common through late mid-life.

A. Genetics and Pathogenesis

In 1997 the gene responsible for MEN-1 syndrome was
identified on chromosome 11q13 (4), consisting of 10 ex-
ons with an 1830 base-pair coding region that encodes a

novel protein, named menin that is 610 amino acids long.
Many different mutations in the MEN1 gene have been
discovered, and most (75%) are functionally inactivating,
consistent with MEN1 being a tumor-suppressor gene (5).
In 5–10% of the cases where the mutations are not in the
coding region of the MEN1 gene, they may occur in the
promoter or enhancer regions that affect MEN1 transcrip-
tion rates (6). No correlations have been reported between
genotype and phenotype (7). The menin protein has a nu-
clear location, with two nuclear-binding domains located
in the C-terminus (8). All the truncated MEN1 proteins
seen in MEN-1 lack at least one of these nuclear locali-
zation signals resulting from nonsense and frame-shift
mutations. Menin binds to junD, a jun/fos transcription
factor, and it inhibits tumor-suppressor transcriptions stim-
ulated by junD (9).

B. Clinical Features

The most common clinical problem in this syndrome re-
sults from the hypersecretion of the hormones by the
glands affected.

1. Primary Hyperparathyroidism
Primary hyperparathyroidism is the most common ex-
pression of MEN1, occurring in 95% of patients (10). The
disease presents usually as a long preclinical asympto-
matic stage characterized by hypercalcemia followed by
the onset of polyuria, polidipsia, muscular weakness, con-
stipation, nephrolithiasis, and back pain from deminer-
alized bone/osteitis fibrosa cystica. Older patients may
develop characteristic subperiosteal absorptions of the
second phalanges and so-called salt and pepper changes
resulting from alternating hypo- and hyperdensities in the
skull x-rays. Older patients are prone to changes in affect
and mental problems that can have them erroneously di-
agnosed as senility or psychiatric disorders. A hypercal-
cemic storm or crisis is rare, as is the development of
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Table 1 Genetics and Clinical Features of MEN Syndromes

Locus Gene
Mutation

distribution
Mutation

effect
Encoded
protein Inheritance

Age of
onset

(years) Clinical features

Age to perform
gene analysis in
family members

(years)

MEN-1 11q13 MEN1 Spread over
nine cod-
ing exons

Gene inac-
tivation

Nuclear protein,
binding junD

Autosomal dom-
inant

15–25

Primary hyperpara-
thyroidism

Pituitary tumors
Pancreatic tumors

15

MEN-2
MEN-2a

MEN-2b

FMTC

10q11.2 Rat

Exons 10, 11

Exon 16

Exons 10, 11,
13, 14

Gene acti-
vation

Transmembrane
glycoprotein,
tyrosine
kinase

Autosomal
dominant

30–40

1–18

30–40

Medullary thyroid
carcinoma

Pheochromocytoma
Primary hyperpara-

thyroidism
Medullary thyroid

carcinoma
Pheochromocytoma
Medullary thyroid

carcinoma

5

Neonatal

5

parathyroid cancer. Laboratory findings document total
(serum) calcium and ionized calcium (plasma) levels plus
low serum phosphate levels in the face of elevated and
nonsuppressed concentrations of plasma parathyroid hor-
mone (PTH). Measurement of PTH by immunoassays of-
ten detects fragments, which have no biological activity.
Measurements of more intact molecules or those deter-
mining the midportion of the molecule have lower mar-
gins of error. Replicate elevations of serum calcium over
10.2 mg/dl are consistent with the diagnosis; levels over
13 mg/dl can be life-threatening and require urgent treat-
ment. Patients have hypercalcinuria exceeding 200–300
mg/day on normal diets. In such cases, or with acute
symptoms, hydration with saline infusions and diuretics
to force natriuresis is helpful in the emergency situation.
Oral phosphate can be given with more chronic effects,
however, the dosages given should be initially low (1–2
gm daily) to avoid precipitation of calcium phosphate in
cardiac tissues. Later, higher dosages (2–4 g daily) can
be given. Mithramycin is a cytotoxic antibiotic that can
inhibit bone resorption, but is toxic and best reserved for
cancer-related hypercalcemias. Bisphosphonate com-
pounds will be increasingly used to control both acute and
chronic hypercalcemias.

MEN1 can be differentiated from sporadic parathy-
roid adenoma by the earlier age of onset of the hypercal-
cemia (typically 15–25 vs. 50–60 years), and the lack of
female bias (the male/female ratio of MEN-1 is 1:1), the
autosomal dominant pattern of inheritance in pedigrees,
and the presence of pituitary or pancreatic manifestations.
MEN-1 should also be differentiated from familial hypo-
calciuric hypercalcemia that has its onset from birth and
is characterized by low levels (<100 mg in adults) of cal-

cium in the urine and normal level of PTH in the serum
(11).

Surgical removal of the hyperfunctioning tumors is
the treatment of choice, which is best accomplished by a
good preoperative work-up involving ultrasound or mag-
netic resonance imaging (MRI) studies, and sometimes
preoperative venous sampling for PTH since 20% of all
parathyroid tumors are located in the upper mediastinum.
Management of the hyperparathyroidism is controversial;
surgery may be put off if the patient has only mildly el-
evated serum calcium level, no renal or bone problems,
no previous hypercalcemic crisis, and is prepared to be
closely monitored. Surgical intervention is, however, in-
dicated when the calcium level increases more than 11.0
mg/dl, and/or renal stones or bone density decreases
occur.

2. Pituitary Tumors
Pituitary tumors occur in 15–20% of patients with MEN-
1 (12). Some 60% of these tumors are prolactinomas,
fewer than 25% are growth-hormone-secreting, and about
5% secrete adenocorticotropic hormone (ACTH). Non-
functioning tumors can also be observed clinically. The
clinical characteristics of these tumors are similar to those
found in sporadic neoplasias and they depend on the hor-
mone(s) secreted and the size of the tumor. Patients can
present with amenorrhea, infertility, and galactorrhea in
women; impotence in men; and acromegaly or Cushing
disease. Pituitary tumors can also compress the optic chi-
asm, causing bilateral peripheral hemianopsia. The diag-
nostic and therapeutic approach to pituitary tumors in the
context of MEN-1 is not different from that in sporadic
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cases and consists of medical therapy (bromocryptine or
the long-acting somatostatin analog Octreotide) or selec-
tive hypophysectomy and radiotherapy for residual unre-
sectable tumor.

3. Pancreatic Tumors
The occurrence of pancreatic tumors in MEN-1 syn-
dromes is important because of their malignant potential.
The incidence of pancreatic islet cell or gastrointestinal
tumors in MEN-1 is age dependent but varies from 30 to
80% (13). The most common cause of symptomatic dis-
ease is the Zollinger-Ellison syndrome leading to persis-
tent peptic ulcerations and hyperacidity due to the hy-
persecretion of gastrin, often from a pancreatic islet cell.
The hypercalcemia from parathyroid adenoma can exac-
erbate the symptoms and further elevate serum gastrin
concentration. Patients with Zollinger-Ellison syndrome
may also present with diarrhea or steatorrhea. The diag-
nosis is made by demonstrating a raised fasting serum
gastrin concentration in association with an increased
basal gastric acid secretion. Whereas H2 receptor hista-
mine antagonists cimetidine or Tagamet, ranitidine (Zan-
tac), or famotidine (Pepcid) usually reduce gastric acidity,
they often fail in this condition. However, reduction of
basal acid output may be achieved by the substituted ben-
zimidazoles (e.g. Omeprazole), which are potent inhibi-
tors of parietal cell H�/K�-ATPase (14).

Because of the multifocal nature of the tumors in
MEN-1 syndrome, surgical therapy is controversial and
often not successful. Only 16% of patients so treated be-
come free from symptoms after surgical intervention (15).
In some islet tumors, watery diarrhea hypokalemia and
hypochloremia can be seen in the absence of increased
gastrin levels, due to vasoactive intestinal peptide
(vipoma) and prostaglandins, while hypersecretion of glu-
cagons can induce weight loss, hyperglycemia, venous
thromboses, and a characteristic necrotizing migratory
erythema.

Insulinoma is the second most common pancreatic
islet cell tumor in patients with MEN-1 and occurs more
often in patients under 40 years of age (3). The tumors
are typically multicentric and may become malignant. Pa-
tients present with hypoglycemia especially after fasting.
Biochemical investigations reveal inappropriately raised
plasma insulin concentrations in association with hypo-
glycemia. Elevated plasma C-peptide and proinsulin lev-
els are useful to confirm the diagnosis, since proinsulin
levels may be disproportionately high. Surgery is the op-
timal treatment and is usually curative when a discrete
tumor is found (16).

Besides alpha and beta islet cell tumors, others may
secrete pancreatic polypeptide or, more rarely ACTH, se-
rotonin, or somatostatin. However, surgical removal of the
tumor may be difficult when metastases have already oc-
curred by the time of diagnosis. In some patients the ad-
ministration of Octreotide may be helpful.

Thymic carcinoid tumors develop in about 5% of the
patients, especially in men who are heavy smokers. The
tumors are usually nonfunctioning and aggressive (17).
Other tumors seen on occasion in MEN-1 include adrenal
adenomas (sometimes ACTH secreting) and carcinomas,
and cell thyroid tumors that are never of the medullary
type.

C. Screening of Family Members

Family members of patients with MEN-1 are at risk for
carrying the defective gene; and the closer the relation-
ship, the higher the risk. Screening for the MEN-1 gene
is of great importance because early diagnosis and treat-
ment of these tumors can reduce morbidity and mortality.
Recently DNA testing for the inherited MEN-1 mutation
has become available (18), but the proper role of this test
still needs to be defined. Individuals found to be carriers
of a mutant gene should nevertheless undergo biochemical
screening (serum concentration of calcium, gastrointesti-
nal hormones especially gastrin and prolactin) at least
once a year. Every 5 years, pituitary and abdominal im-
aging should be performed from the age of 5 years on.

III. MEN-2

MEN-2 (Sipple syndrome) is a genetic disease, inherited
by an autosomal dominant pattern as is MEN-1, and with
high grade of penetrance. It is classified into three dif-
ferent forms. MEN-2a is characterized by C-cell (calci-
tonin-secreting) tumors of the thyroid (medullary thyroid
carcinoma) in virtually every patient, with pheochromo-
cytoma, and/or primary parathyroid hyperplasia. Recently,
lichen amyloidosis has been recognized to be part of the
syndrome (19). In MEN-2b, patients present with med-
ullary thyroid carcinoma and pheochromocytoma, but do
not develop hyperparathyroidism. The thyroid carcinoma
is more aggressive than in MEN-2a, and occurs at an ear-
lier age. Patients can also present with mucosal neuromas,
intestinal ganglioneuromas, and a marfanoid habitus. Fa-
milial medullary thyroid cancer is a variant of MEN-2a,
in which the tendency to develop thyroid carcinoma is not
associated with other clinical manifestations. There are no
accurate population studies for the incidence of the MEN-
2 syndromes; however, it is generally assumed that 20–
25% of medullary thyroid cancers are heritable.

A. Genetics and Pathogenesis

The gene responsible for MEN-2 has been identified as
the ret gene located on the chromosome 10q11.2 (20,21).
The coding sequence of ret consists of 21 exons over a
total length of 55 kb. It is a proto-oncogene and the gene
product is a cell-surface glycoprotein. The protein is a
member of the receptor tyrosine–kinase family, which
transduces growth and proliferation signals in tissues de-
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rived from the neuronal crest, from which all of the tissues
involved in the MEN-2 (thyroid C cells, adrenal medulla
and autonomic ganglia) are derived (22). Three ligands
have been identified: glial cell-line-derived neurotrophic
factor (GDNF) (23), neuturin, and persephin (24). They
are expressed in the nervous system and promote the sur-
vival of neurons during development. A glycosyl-phos-
phatidylinositol protein (GFR �1, GFR �2) binding of the
ligand is also necessary for the activation of ret (25).
MEN-2a and the MEN-2b are caused by different muta-
tions of the ret gene. In the MEN-2a and in familial med-
ullary thyroid carcinoma, most of the mutations occur in
the cysteine-rich region of the extra-cellular domain en-
coded by exon 10. These mutations cause the substitution
of cysteine by another amino acid. A few mutations have
been found in exons 13, 14, and 15 (26). By contrast,
95% of MEN-2b cases are caused by a mutation in exon
16 with the substitution of methionine with threonine,
which alters the substrate-recognition pocket in the tyro-
sine kinase protein (27). All the mutations both in the
MEN-2a and MEN-2b lead to activation of the protein.
This is different from almost all other inherited predis-
positions to neoplasia, which are due to mutations that
inactivate tumor suppressor protein (Table 1).

B. Clinical Features

1. Medullary Thyroid Carcinoma
Medullary thyroid carcinoma (MTC) is usually preceded
by multicentric hyperplasia of the parafollicular C cells.
The clinical manifestation of this tumor is no different
from that in the sporadic case, in which it presents as a
thyroid nodule or cervical lymphadenopathy. Sometimes
MTC can cause Cushing syndrome because of ectopic
production of ACTH. Serum levels of calcitonin are usu-
ally high, especially if the tumor is palpable. In patients
with C-cell hyperplasia or small C-cell tumors, the resting
serum levels of calcitonin can be normal but will rise after
calcium infusion (28). The necessary treatment of MTC
in any MEN-2 syndrome is total thyroidectomy. This
should be performed as early as possible, especially in
MEN-2b syndrome, in which the MTC tends to be more
aggressive and undergo malignant transformation. Meta-
static disease has been reported as early as in 1-year-old
children (29). Radiation therapy can be useful to reduce
the tumor dimension and prevent local recurrence.

2. Pheochromocytoma
Some 40% of patients with MEN-2a and MEN-2b de-
velop pheochromocytomas, usually 10 years or so later
than MTC (30). Generally the tumors are nonmalignant
at least until they are of large size. Symptoms can include
anxiety, headache, diaphoresis, and palpitations. Labora-
tory evaluations reveal raised excretions of epinephrine
and norepinephrine or metanephrines (31). In patients
with MEN-2a there is an increased risk of bilateral tu-

mors; imaging studies should be performed to detect pos-
sible bilateral disease before surgery is undertaken. Uni-
lateral adrenalectomy is the treatment of choice in cases
of unilateral tumor. Bilateral adrenalectomy should be
limited to patients with bilateral tumors or, more specifi-
cally, in those with a family history of aggressive bilateral
adrenal medullary disease.

3. Primary Hyperparathyroidism
Involvement of the parathyroid glands in this syndrome
is always benign. It has been reported in 10–25% of pa-
tients (32). Hyperplasias or benign adenomas can occur
and are often clinically silent. Otherwise symptoms of hy-
percalcemia or renal stones have been reported. The di-
agnosis can be achieved finding high or normal level of
PTH in the presence of hypercalcemia, as discussed above
under MEN-1. The indications for surgery are similar to
those in patients with sporadic primary hyperparathy-
roidism.

C. Screening in Family Members

The early detection of affected family members is essen-
tial so that thyroidectomy can be performed as soon as
possible. Before DNA testing was available, biochemical
screening was performed using intravenous pentagastrin
or calcium infusion to stimulate the secretion of calcitonin
from malignant or hyperplastic C cells. False-positive re-
sponses could, however, occur (33). In family members,
such tests, if found to be negative, should be performed
yearly. Recently DNA analysis became the optimal test in
the MEN-2 syndrome. In a MEN-2 family the affected
patient should be analyzed to determine the specific mu-
tation responsible for the disease. The number of possible
mutations in the ret gene are small and a single mutation
can be detected in 90% of cases. Once the mutation in the
proband has been found, all other family members should
be tested before the age of 4–5 years in case of MEN-2a
and familial medullary thyroid carcinomas, and in the
neonatal period in the case of MEN-2b (Table 1).

IV. ADRENAL ADENOMA

Benign adenomas are the most common cause of an ad-
renal mass. The majority of cases are clinically silent, be-
ing usually found incidentally during a computed tomo-
graphic (CT) scan of the abdomen performed for an
unrelated reason. The prevalence of so-called incidental-
omas gradually increases from 3 years of age, to be as
high as 7% in adults over the age of 50 years (34).

A. Genetics

The molecular mechanisms of the adrenal tumorigenesis
have been studied extensively. Evidence has accumulated
to show that tumorigenesis in the adrenal gland is different
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from that in other endocrine tissues. Cyclic AMP is a sec-
ond messenger involved in the proliferation and hyperse-
cretion of many endocrine tissues. The activation of G-
protein-coupled receptors and GTP-binding proteins, and
the regulatory proteins of cAMP, have been involved in
the pathogenesis of acromegaly and toxic thyroid adeno-
mas. However, the activation of cAMP/protein kinase A
pathway seems not to be important in the development of
neoplasia in the adrenal gland (35). Cytogenetic studies
have shown that adrenal tumorogenesis is characterized
by the amplification of chromosomes not commonly af-
fected in other tumors, suggesting the possible presence
of adrenal-specific oncogenes. Adrenal adenoma or car-
cinoma can occur in several hereditary tumor syndromes
such as Li-Fraumeni syndrome, Beckwith-Wiedemann
syndrome, MEN-1, Carney complex, and familial aden-
omatosis polyposis. The discovery of the genetic defects
underlying these disorders increases the potential under-
standing of adrenal tumorigenesis.

Li-Fraumeni syndrome is a rare family tumor syn-
drome characterized by breast cancer, leukemias, soft tis-
sue sarcomas, gliomas, and adrenocortical carcinomas.
The genetic defect has been identified as germ-line point
mutations in the p53 tumor-suppressor gene. The other
nonaffected p53 allele is inactivated in tumor tissue by
deletion of the short arm of chromosome 17, thus elimi-
nating all wild-type p53 activity (36).

In Beckwith-Wiedemann syndrome (BWS), a rare
disease characterized by macroglossia, gigantism, earlobe
pits, and increased risk of Wilms’ tumor of the kidney,
rhabdomyosarcoma, hepatoblastoma, and adrenal carci-
noma are caused by the allelic loss of a tumor suppressor
gene mapped to chromosome 11p15 (37).

The Carney complex is a disorder characterized by
myxomas of the heart, tumors involving the peripheral
nervous system, spotty pigmentation of the skin, and en-
docrine neoplasia (e.g., adrenocortical tumors). The mo-
lecular defect has been identified in mutations of the pro-
tein kinase A type 1-� regulatory subunit on chromosome
2p16 (38).

In familial adenomatous polyposis, an autosomic
dominant disorder in which patients develop more than
100 adenomatous polyps in the large intestine with a
strong tendency to undergo malignant degeneration, ad-
renocortical neoplasms also occur with an abnormally
high prevalence (39). The disease is caused by a mutation
in the adenomatous polyposis coli (APC) gene located at
5q21.

The discovery of the genetic defects underlying the
familial syndrome and the fact that most of the benign
and malign neoplasia of adrenal are monoclonal suggest
that genetic changes at a specific locus are necessary for
the development of such tumors. Several candidate genes
have been investigated. For aldosterone-producing tu-
mors, the aldosterone synthase receptor (the CYP11B2
gene), the corticotropin-regulated promoter (the

CYP11B1), and the angiotensin II type-1 receptor (ATR-
1) have been studied but they seem not to be associated
with sporadic adrenal adenoma (40). In cortisol-producing
tumors, the loss of heterozygosity of the corticotropin re-
ceptor (MC2R) has been discovered to occur frequently
in adrenocortical carcinomas but not in adenomas (41).
Because there is the loss of heterozygosity on chromo-
some 11q13 in 20% of sporadic adenomas, some authors
studied the expression of the MEN1 gene, located on
11q13, in sporadic adenomas and found mutations in less
than 10% of the tumors. This suggests that another tumor
suppressor gene is important for the predisposition to ad-
renal tumors encoded by the 11q13 region (42).

B. Clinical Features

Adenomas that can develop in the adrenal gland can be
subclassified in glucocorticoid secreting, adrenocorticoid
secreting, and nonfunctioning adenomas.

1. Aldosterone-Producing Adenomas
The clinical manifestations of aldosterone-producing ad-
enoma derive from the hypernatremia and hypokalemias
and metabolic alkalosis. Patients can present with hyper-
tension, urinary frequency, muscular weakness, paraesthe-
sias, cramps, and tetany. Determination of plasma aldo-
sterone (high), plasma renin activity (low), and 24 h
urinary aldosterone excretion (high) should be performed
in newly diagnosed hypertensive patients with hypokale-
mia or young age of onset. A ratio of plasma aldosterone
to plasma renin activity of 20 or more indicates the pres-
ence of a primary hyperaldosteronism. The relationship is
best demonstrated by obtaining a renin level with the pa-
tient standing up, in which position the release of renin is
normally greatly stimulated.

Once primary hyperaldosteronism is diagnosed, the
differential diagnosis lies among aldosterone-producing
adrenal tumor, idiopathic adrenal hyperplasia, and gluco-
corticoid-suppressible hyperaldosteronism in which aldo-
sterone biosynthesis is regulated by ACTH rather than by
renin. A postural test can differentiate between adenoma
and idiopathic hyperaldosteronism (42). If plasma aldo-
sterone and renin activity are measured in the morning
after overnight recumbency and 2 h of ambulation, aldo-
sterone levels increase in patients with adenoma, because
of the diurnal fall of the ACTH, which is a minor stimulus
to aldosterone production. In the case of idiopathic hy-
peraldosteronism, the level of plasma aldosterone will rise
during the test under the stimulus of angiotensin II that
increases in the upright position. Moreover, the level of
18-hydroxycorticosterone is elevated in patients with al-
dosterone-producing adenomas but is lower in patients
with idiopathic hyperaldosteronism. The diagnosis of glu-
cocorticoid-suppressible hyperaldosteronism can be ob-
tained by measuring the plasma level of 18-hydroxycor-
tisol and 18-oxocortisol, which are products of the
methyloxidation of cortisol by the aldosterone synthase
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that is typically elevated in this condition. The enzyme is
the product of a chimeric gene that arose from an unequal
crossover. The hybrid gene can catalyze the reaction but
is regulated by ACTH instead of the renin–angiotensin
system. The administration of dexamethasone for 4 days
inhibits the secretion of ACTH and suppresses the pro-
duction of aldosterone. Recently, DNA analysis for the
identification of the hybrid gene mutation responsible for
the glucocorticoid-suppressible hyperaldosteronism has
become available (43).

Computer tomography is the best imaging technique
to identify adrenal mass. It can identify masses of 10 mm,
and gives information about size, homogeneity, presence
of calcifications or areas of necrosis, and eventual local
infiltration.

2. Glucocorticoid-Producing Adenomas
Glucocorticoid-producing adenomas are one cause of
Cushing’s syndrome that is ACTH-independent. Hyper-
production of cortisol determines the severity of symp-
toms such as hypertension, obesity, and hirsutism in fe-
males. To detect hypersecretion by the adrenal gland, the
best test is the 24 h urinary free cortisol level, which, in
a patient with adrenal adenoma and subclinical Cushing
disease, will be more than 551.8 nmol/day. A dexametha-
sone suppression test can also be performed.

C. Treatment

If the tumor is hormone-secreting, or is clinically silent
but larger than 5 cm, the patient should undergo surgery.
The treatment of choice for benign adrenal adenoma is
laparoscopic adrenalectomy when the retroperitoneal ap-
proach is preferred. If the tumor is suspected to be malig-
nant, classic transperitoneal surgery should be performed
(44). Patients with aldosterone-producing adenomas must
have their blood pressure carefully controlled and their
potassium level monitored before surgery. Hypertension
can still be present after the intervention, however,
because of long-term vascular damage resulting from
prolonged hyperaldosteronism (45). In case of aldo-
steronomas, moreover, the patient can have a period of
hyponatremia and hyperkalemia after the surgery due to
continued suppression of the renin–angiotensin–aldoste-
rone system. A high-salt diet and mineralocorticoid ther-
apy may have to be given temporally. Patients with cor-
ticoid-secreting adenomas may likewise need hormonal
replacement therapy because of atrophy of the hypotha-
lamic corticotropin-releasing hormone-secreting cells.

V. THYROID ADENOMAS

Thyroid adenomas represent 90% of the nodular lesions
of the thyroid. Single nodules are more common in
women than in men, but the incidence of thyroid nodules
increases throughout life in patients of both genders. The

typical thyroid adenoma is a solitary encapsulated lesion
demarcated from the surrounding parenchyma. Adenomas
derive from follicular epithelia and, microscopically, the
cells form uniform follicles that contain colloid. On his-
tological examination the adenomas can be classified into
subtypes based on the degree of follicle formation and
their colloid content. These are classified as macrofol-
licular, microfollicular, Hürthle’s cell adenoma, atypical
adenoma, and adenoma with papillae.

A. Genetics

Most thyroid tumors are sporadic and nonfamilial, sug-
gesting that the underlying genetic abnormality is likely
to be a somatic, acquired mutation. Pituitary thyroid-stim-
ulating hormone (TSH) is the main stimulator of growth
and function of normal follicular thyroid cells. When TSH
binds to its membrane receptor, it actives guanine–nucle-
otide-binding protein Gs and stimulates the adenylate cy-
clase cAMP pathway (46). Increases in the intracellular
levels of cAMP activate protein kinase, which in turn
stimulates thyroid hormone production and induces the
proliferation of thyroid epithelial cells. Adenylate cyclase
activity decreases when the GTP is hydrolyzed by the in-
trinsic GTPase activity of Gs-�. Many thyroid adenomas
are caused by activating somatic mutations in genes that
encode for the TSH receptor, or the � subunit of the
guanyl-nucleotide stimulatory protein (Gs) that results in
constitutive activation of thyroid epithelial cells in the ab-
sence of TSH (47, 48).

Most of the mutations causing adenomas have been
found in the third cytoplasmic loop on the sixth trans-
membrane segment of the TSH receptor, and in the C-
terminus of Gs-� that is critical to the receptor interaction
(so-called hot spot sequence) (49,50). These mutations do
not explain all the tumors, or toxic adenomas that are not
secondary to TSH-R mutations. Other genes encoding for
proteins involved in the TSH-R pathway could be acti-
vated and responsible for the tumorigenesis. Mutations of
the Ras oncogenes have been found in both benign and
malignant thyroid tumors. There are three ras proteins: K-
ras, N-ras, and H-ras. All of them are membrane-anchored
and they mediate signaling through many tyrosine kinases,
including those of hormone receptors. The hydrolysis of
the GTP to GDP that is bound to the ras protein deter-
mines the inactivation of the signal. Mutations in the
GTP-binding domain (codons 12,13) or the GTP-ase do-
main (codon 61) cause activation of the ras oncogenes
(51). In thyroid tumors, point mutations or amplifications
of all three ras oncogenes can occur (52). There is a gen-
eral agreement on the role of the ras oncogenes in the
early phases of the tumorigenesis, but the real prevalence
of these mutations still needs to be determined. The an-
giogenic and the soluble factors that stimulate them have
been recently studied in their pathogenesis. Vascular en-
dothelial growth factor (VEGF), the principal cytokine
that mediates angiogenesis, has been associated with tu-
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morigenic potential of thyroid cancer cell lines (53). Other
authors found overexpression of VEGF in follicular ade-
nomas, Hürthle’s cell neoplasia, and papillary carcinomas;
in follicular carcinoma and anaplastic carcinomas, VEGF
was suppressed, suggesting an important role for the cy-
tokine in the early stages of the thyroid carcinogenesis
(54).

B. Clinical Features

Thyroid adenomas often present as a mass without any
other clinical sign or symptoms, discovered during an ex-
amination or radiological procedure. In a minority of
cases, adenomas can be hyperfunctional and cause clinical
features of hyperthyroidism. Neoplasia must be strongly
considered when nodules are ‘‘cold’’ and do not take up
131I on scanning.

VI. PITUITARY ADENOMAS

Pituitary adenomas are common neoplasia derived from
adenohypophyseal cells. They can be small, nonfunction-
ing lesions that are discovered casually, similiarly to ra-
diological incidentalomas or during autopsy. In some
cases they produce hormones that can cause severe clin-
ical syndromes such as acromegaly or Cushing disease.
They are typically benign lesions with a very small pos-
sibility (0.1%) of becoming malignant. However, they can
present from the effects of aggressive local growth invad-
ing the brain parenchyma, the cavernous and paranasal
sinuses, the bony clivius, and cause symptoms of intra-
cranial mass, hypopituitarism, and/or peripheral visual
field disturbances from pressure effects on the optic chi-
asm (55).

Although the true incidence of pituitary adenomas is
not known, recent data suggest that pituitary adenomas
occur in as many as 20% of the general population (56).
At autopsy, careful histological assessment identifies pi-
tuitary adenoma in 22.5–27% of patients, with no gender-
based differences in incidence (57). The incidence in-
creases with aging: more than 30% of people 60 years of
age have clinically silent tumors. Pituitary adenomas are,
however, rare in children, with only 3.5–8.5% of these
tumors diagnosed during childhood. At such time they
manifest clinically especially in girls, and it has been re-
ported that they are less aggressive and invasive than tu-
mors of adults (58). Pituitary adenomas represent approx-
imately 15% of all intracranial tumors (59). Prolactinomas
are the most common type of adenoma; GH- and ACTH-
producing adenomas each represent 10–15% (often they
are mixed), while TSH-secreting tumors are rare (60).

A. Genetics and Pathogenesis

For many years there has been controversy regarding the
molecular basis of pituitary tumorigeneisis. Several ani-
mal studies have suggested a fundamental role for hypo-

thalamic hormones in the development of pituitary tu-
mors. Recently the question was resolved when it became
clear that all the pituitary tumors arise from a single cell.
This monoclonality implies that intrinsic genetic altera-
tions account for the initiating event. Furthermore, the tis-
sue surrounding the pituitary adenoma is usually normal,
suggesting that independent cellular events do not neces-
sarily precede adenoma formation. It is likely that the ma-
jority of pituitary adenomas develop from transformed
cells that are dependent on hormonal stimulation for tu-
mor progression (61). The dysregulation of cell prolifer-
ation and differentiation may occur by the activation of
oncogenes or inactivation of tumor-suppressor genes. On-
cogene activation may occur as a result of an activating
single-point mutation. Because the gain of function is a
dominant event, a single altered allele may be sufficient
to produce the phenotypic change. By contrast, the tumor-
suppressor genes (TSG) are recessive oncogenes that re-
quire the inactivation of both alleles (by deletion, rear-
rangement, or silencing through methylation) to cause
proliferation of the cell in a clonal neoplastic fashion. Het-
erozygous activating somatic point mutations in the �-
subunit of the stimulatory Gs proteins (Gs) were the ear-
liest dominant activating mutations described in endocrine
tumors (62). Activation results when a missense mutation
replaces residue 201 or 227. The resulting oncogene en-
codes for mutated G protein called gsps, which were first
described in a subset of somatotroph adenomas, nonfunc-
tioning adenomas, and other functional pituitary neo-
plasms. The mutation result in a ligand-independent, con-
stitutively elevated cAMP and hormone hypersecretion.

Recently Melmed and colleagues isolated a novel pi-
tuitary tumor-transforming gene (PTTG) (63). They
showed increased levels of PTTG mRNA in GH-, prolac-
tin-secreting, and nonfunctional pituitary tumors. In vitro
and in vivo experiments showed the strong transforming
potential of PTTG. Because of its widespread and abun-
dant expression in pituitary tumors, PTTG most likely has
a key role in the early induction of pituitary cell transfor-
mation. It potently induces the expression of fibroblast
growth factor, a known mediator of cell growth and an-
giogenesis. Another oncogene involved in pituitary tu-
morigenesis seems to be the cyclin D1 gene (CCND1)
located on 11q13. Gene amplification leads to overex-
pression of cyclin D. Habbers et al. found an allelic im-
balance of the CCND1 gene in the pituitary tumors. They
studied the expression of cyclin D1 by an immunohisto-
chemical assay and found that 25% of the tumor cells
showed expression of cyclin D1. Both nuclear and cyto-
plasmic staining was found more frequently in nonfunc-
tional tumors than in somatotropinomas (64). The loss of
tumor-suppressor gene function has also been implicated.
MEN1 gene, the TSG located on the long arm of the chro-
mososme 11 (11q13) responsible for the MEN-1 syn-
drome, has been studied, but menin expression is not
downregulated in the majority of the sporadic pituitary
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tumors (65). However, these tumors present loss of het-
erozygosity at the same locus 11q13 in 20% of cases,
suggesting that an additional TSG at this locus is involved
in the pathogenesis of pituitary adenomas.

The retinoblastoma gene (RB1) is another TSG im-
plicated in several neoplasms. Adenocarcinomas of inter-
mediate lobe corticotroph differentiation have been found
in RB1 transgenic knockout mice (66) induced in order
to study this gene in the humans, but no mutations have
been found in the pituitary adenoma (67). However, pre-
liminary data show loss of heterozygosity at sites telo-
meric and centromeric to the RB locus in some aggressive
pituitary adenomas. These data suggest the presence of
another TSG located at 13q that is closely linked to RB1
(68). The frequent loss of heterozygosity of 9p21 also has
been found in pituitary adenomas (69). The CDKN2A
gene maps to this locus and its protein product p16 is a
cell cycle regulator that is often disrupted in human neo-
plasias. It prevents the phosphorylation of RB and is re-
sponsible for inhibiting progress through the G1/S cell
cycle checkpoint. Loss of p16 results in RB remaining in
its hyperphosphorylated form, negating its ability to in-
hibit the progression of the cell cycle.

Several growth factors have been implicated in the
pathway of the tumorogenesis. They are polypeptides that
can regulate cell replication and differentiation, altering
the expression of specific genes. The pituitary is a site of
synthesis and action of growth factors including insulin-
like growth factor-I and II (IGF-I, IGF-II), nerve growth
factor (NGF) (70), transforming growth factor-� and �,
and basic fibroblast growth factor (bFGF). Some studies
suggest that peptides derived from human pituitary tumor
cells can stimulate rat adenohypophysial cells replication
in vitro (71). The role of these growth factors in pituitary
tumorogenesis remains to be established. The understand-
ing of the exact mechanism involved in pituitary adenoma
will have relevance in clinical practice. The identification
of specific molecular markers of tumor invasiveness and
recurrence will permit the selection of appropriate follow-
up protocols and earlier subcellular therapies.

B. Clinical Features

1. Prolactinoma
Prolactin-secreting adenoma (prolactinoma) is the most
common hormonally active pituitary adenoma. When the
tumor is less than 1 cm in diameter, it is defined as a
microadenoma. If it is 1 cm or larger, then it is classified
as a macroadenoma.

In women the first clinical manifestations usually are
galactorrhea and ovulatory disorders probably due to in-
hibition of luteinizing hormone (LH) and perhaps follicle-
stimulating hormone (FSH) secretion, because of inhibi-
tion of the release of gonadotropin-releasing hormone
(GnRH). In men, hyperprolactinemia results in decreased
libido, infertility, and impotence. Women usually present
with symptoms at a younger age and tend to have mi-

croadenoma. Men tend to present at older ages with larger
adenoma that cause visual field abnormalities and hypo-
pituitarism owing to pituitary tissue destruction (72). They
only rarely develop galactorrhea. Some patients with a
lactrotoph adenoma are noted to have subtle acromegalic
features. Even if the hypersecretion of GH cannot be doc-
umented, the tumors contain prolactin and GH. This kind
of tumor is known as acidophil stem cell adenoma, which
can be differentiated from the usual lactotroph adenomas
because of aggressivity and tendency to recur (73).

In children, prolactinomas are rare, but their clinical
presentations have been reported in small numbers of
studies. However the frequency of such tumors is likely
underestimated since symptoms tend to occur later in life.
As reported in adults, prolactinomas in children occur
mostly in girls, causing menstrual disturbances (74). De-
layed puberty can also be associated with prolactinomas
because of the effect of hyperprolactinemia on the hypo-
thalamic-gonadotropic activity. The symptoms of hyper-
prolactinemia correlate with its severity. Serum prolactin
concentrations greater than 20 ng/ml are abnormal. The
measurement can be performed at any time, since usual
daily activities have little effect on prolactin secretion.
However, physical stress and high-protein meals can in-
crease the prolactin concentrations; therefore, a slightly
high value should be confirmed. In case of persistent
slightly elevated serum prolactin values or when levels are
clearly pathological, an MRI to search for a mass lesion
in the hypothalamic–pituitary region is required.

A dopamine agonist is the first-line treatment for pa-
tients with micro- or macro-adenomas because it de-
creases the size and secretion of the tumors. Bromocrip-
tine is an ergot derivate that has been used for decades
for treatment of hyperprolactenemia. Other dopamine ag-
onists such as Pergolide or Carbegoline can be used if the
patient does not respond. Bromocriptine must be given
twice a day and the principal side effects are nausea, pos-
tural hypotension, and mental dulling (75). If the patient
cannot tolerate the dopamine agonists, or if the adenoma
does not respond to agonist therapy, transphenoidal sur-
gery should be performed. If a significant amount of hor-
monally secreting tissue remains after surgery, radiation
therapy should follow.

2. GH-Secreting Adenoma
GH-secreting adenoma is the most common cause of ac-
romegaly or gigantism. These adenomas account for about
one third of all hormone-secreting pituitary adenomas.
The hyperproduction of GH by the tumor stimulates the
hepatic secretion of IGF-I, which in turn causes most of
the clinical features. In adults the typical sign is acromeg-
aly, which is insidious in onset and progresses slowly. The
characteristic findings are enlarged jaw and enlarged swol-
len soft tissues of the hands and feet. The facial features
became coarse, with enlargement of the nose and frontal
bones (76). Bone density can be increased and cardiovas-
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cular disease including hypertension, left ventricular hy-
pertrophy, and cardiomyopathy can occur (77). In children
GH excess results in rapid and excessive growth and at-
tainment of adult height beyond the genetic potential.
Typical manifestations of acromegaly can also appear. The
diagnosis of acromegaly can be confirmed by measure-
ment of both serum GH concentrations that do not sup-
press after a glucose load and GH-dependent circulating
molecules, such as IGF-I and IGFBP-3. IGF-I concentra-
tions during the day are not influenced by food intake,
exercise, or sleep. The result must be interpreted, how-
ever, with the age, because IGF-I concentrations are high-
est during puberty and decline gradually thereafter. In
contrast, GH concentrations reflect their pulsatile secretion
and are stimulated by a variety of factors including short-
term fasting, exercise, stress, and sleep. To obviate this
problem, it is best not to obtain random measurements of
serum GH.

The most specific dynamic test for establishing the
diagnosis of acromegaly is an oral glucose tolerance test
in which postglucose values remain greater than 2 ng/ml
in 85% of patients with GH hypersecretion (78). Addi-
tional hyperprolactinemia occurs in 30% of the patients
because the cosecretion of prolactin and GH by a somam-
motroph adenoma. Once GH hypersecretion has been con-
firmed, the next step is an MRI study of the pituitary.
Pituitary tumors as small as 2 mm in diameter can be
detected by this technique and the dimension and the ex-
act extension of the tumor can be identified.

Selective transsphenoidal surgical resection is the
treatment of choice for patients with somatotroph ade-
noma that are small enough to be removed surgically (79).
Medical therapy is indicated in patients with adenomas
that are too large to be completely removed, or when re-
section has failed. Somatostatin analogs such like Octreo-
tide inhibit GH secretion by binding to specific receptors
for somatostatin (80). The long-acting form of Octreotide,
which is administrated intramuscularly every 2 or 4
weeks, is now available in the United States.

Somatostatin analogs are usually well tolerated but
about one-third of patients may experience nausea, fat
malabsorption, and decreased gallbladder postprandial
contractility (81). Dopamine agonists such as bromocryp-
tine, Pergolide and Cabergoline inhibit GH secretion in
patients with sommamotroph adenoma. They have a lim-
ited efficacy but combined therapy with Octreotide and a
dopamine may be successful when either alone is not. If
GH hypersecretion cannot be controlled by surgery or
medical therapy, external radiation can be used.

3. TSH-Secreting Adenoma
This kind of adenoma accounts for less than 1% of all
hormone-secreting pituitary adenomas and less than 1%
of all cases of hyperthyroidism. Adenomas secreting TSH
are equally common in men and women, whereas tumors
secreting both TSH and prolactin are about five times

more common in women. Most patients have the typical
symptoms and signs of hyperthyroidism, but a few pa-
tients have mild or even no symptoms (82). Other clinical
features in addition to hyperthyroidism are visual field
defect, menstrual disturbances, and galactorrhea. In child-
hood, these tumors are very rare. Patients have an en-
larged gland and clinical symptoms and signs of thyro-
toxicosis but without exophthalmos.

The characteristic biochemical abnormalities in pa-
tients with TSH-secreting adenoma are normal or high
serum TSH concentrations and high serum total and free
thyroxine (T4) and triiodothyronine (T3) concentrations.
The autonomous TSH secretion usually does not increase
in response to thyrotropin-releasing hormone (TRH) and
does not decrease in response to exogenous thyroid hor-
mone administration. Any patients with hyperthyroidism
and elevated serum TSH should undergo a CT or MRI
study of the pituitary. MRI is the most sensitive test for
the detection of pituitary tumors.

The treatment of choice is transsphenoidal resection
of the tumor, even if the surgery will result in no change
in one-third of patients. Therefore, many patients also re-
quire medical therapy. Dopamine agonists (Bromocryp-
tine, Carbegoline) have proven to be effective but the so-
matostatine analog Octreotide is effective in almost all
patients.

4. Gonadotropin-Secreting Adenoma
Gonadotroph adenomas are the most common clinically
nonfunctioning pituitary macroadenoma. They usually in-
efficiently secrete or secrete noneffective hormones. Thus
they are often identified only when they are large enough
to produce neurological symptoms. The most common
symptom is impaired vision due to compression of the
optic chiasm (83). The patient will complain of dimin-
ished vision in the temporal field. Headache and diplopia
due to the compression of the oculomotor nerves can oc-
cur. Sometimes gonadotroph adenomas became clinically
manifest because of excess hormone secretion. The hy-
persecretion of follicle-stimulating hormone (FSH) deter-
mines ovarian hyperstimulation in premenopausal women.
In men the hypersecretion of LH can cause elevated tes-
tosterone concentrations, which in children will lead to
premature puberty (84).

5. ACTH-Secreting Adenoma
Pituitary-dependent hypercortisolism is responsible for
approximately two-thirds of cases of Cushing syndrome.
The majority of these cases are attributable to basophilic
microadenomas. In children and adolescents the clinical
manifestation are somewhat different from those seen in
adults. Younger patients usually present with weight gain
that tends to be generalized, growth failure as direct effect
of hypercortisolemia, compulsive behavior, and over-
achievement in school in contrast with the typical adult
emotional lability and depression (85). Menstrual irregu-
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larity or amenorrhea is a common symptom in adolescent
girls.

Confirmation of Cushing disease can be obtained
from results of the 24 h urine free cortisol measurement.
In children the value should be corrected by reference to
the body surface. To establish that Cushing syndrome is
due to a pituitary adenoma, stimulation of ACTH and cor-
tisol following injection of CRH and suppression of cor-
tisol by administration of dexamethasone should be
shown. All patients should undergo MRI with the admin-
istration of gadolinium. If the MRI is negative, CRH-stim-
ulated bilateral inferior petrosal sinus sampling can be
used to confirm that the excessive ACTH comes from the
pituitary. Surgical excision by transphenoidal adenomec-
tomy is the treatment of choice. The remission rate after
surgery is 85–95% in both children and adults (86).

VII. PANCREATIC ADENOMAS

The pancreatic islet contains alpha cells (glucagon), beta
cells (insulin), and delta cells (somatostatin), as well as
enterochromaffin cells (serotonin). These cells are all part
of the APUD system, and tumors so derived secrete a
wide variety of polypeptides. Gastrinoma and insulinoma
are the most common form. According to a Mayo Clinic
Study, the incidence of insulinoma is 0.4:100,000 person-
years, and the average age of patients at presentation of
insulinoma is in the mid-40s with very low incidence dur-
ing childhood or adolescence (87). The adenomas are usu-
ally small and solitary; the lesion is generally well-encap-
sulated and highly vascular. Malignant insulinomas occur
only in the 5% of cases of adenomas, tend to be larger,
and metastasize to the liver and regional lymph nodes.

A. Genetics and Pathogenesis

The molecular mechanism leading to pancreatic tumor is
still unclear but several tumor-suppressor genes have been
implicated. The tumor-suppressor gene Smad/DPC4 has
been found mutated in nonfunctional pancreatic tumors
(88). Loss of heterozygosity in on chromosomes 1, 3q,
3p, 11p, 16p, 17p, and 22q has been noted in several
studies (89). Guo and colleagues found overexpression of
p27Kip1 in sporadic pancreatic endocrine tumors without
differences between benign and malignant tumors (90).
p27Kip1 is a universal cyclin-dependent kinase inhibitor,
which acts as a tumor suppressor and a negative regulator
of cell cycle. In various types of human cancers, the sup-
pression of p27Kip1 expression is linked to aggressive be-
havior. However, the overexpression of p27Kip1 in the pan-
creatic endocrine tumor can be secondary to the other
primary molecular disregulations or be a unique molecular
pathway leading to endocrine tumorigenesis. Another
molecule involved in pancreatic tumorigenesis is the
paired-homeodomain transcription factor PAX4. The PAX
gene family encodes highly conserved paired-box-con-
taining transcription factors that control the tissue-specific

expression of genes during embryogenesis. Because of
this important role in the differentiation and development
of pancreatic beta-cells, Miyamoto et al. studied PAX4
expression in the insulinomas. They found an overexpres-
sion of PAX4 mRNA in the tumors, but little or none in
the normal islets, suggesting a fundamental role in the
development of insulinoma (91).

B. Clinical Features

A patient with insulinoma will characteristically present
with fasting hypoglycemia with neurological symptoms
such as confusion, personality change, or seizures (92).
The release of catecholamine due to the hypoglycemia
will result in anxiety, palpitations, weakness, tremor, and
sweating. Weight gain has been described.

Diagnosis is based on demonstrating Whipple’s triad:
hypoglycemic symptoms, blood glucose level less than 50
mg/dl, and relief of symptoms after glucose ingestion. Un-
fortunately, these symptoms are not specific for insu-
linoma. Because a single overnight fasting blood sugar
level combined with a simultaneous plasma insulin level
fails to establish the presence of fasting organic hypogly-
cemia in more than 35% of patients, a 72 h fast is usually
done with blood glucose and insulin levels determined at
2–4 h intervals. Recently a study based on 127 patients
with insulinoma demonstrated that a 48 h test is as effec-
tive as the 72 h one (93).

Measurement of C-peptide at the end of the fast can
help to differentiate endogenous from exogenous (facti-
tious) hyperinsulinemia. C-peptide will be proportionally
elevated with insulin in patients with insulinoma, and low
or normal in patients who abuse insulin or hypoglycemic
agents. Nesidioblastosis and familial hyperinsulinemic hy-
poglycemia simulate the insulinoma’s biochemical find-
ings.

The treatment of choice is surgery, but preoperative
localization of the tumor is necessary because of the small
tumor size. The imaging techniques available are spiral
CT, arteriography, and transabdominal and endoscopic ul-
trasonography. Patients with metastatic insulinoma or
those who are not candidates for or refuse surgery, require
medical therapy. Diazoxide, verapamil, phenytoin, and
Octreotide have all been used to prevent symptomatic hy-
poglycemia. Diazoxide, which diminishes insulin secre-
tion, is the most effective and should be given in divided
doses of up to 1200 mg/day. However, it causes unwanted
hair growth and edema.
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I. INTRODUCTION

Endocrine tumors in children pose a number of funda-
mental questions: is the tumor a nonfunctioning, function-
ing, or hyperfunctioning entity? Is it a malignant or a be-
nign process or a hyperplasia responsive to physiological
regulations? Apart from clinical presentation, the answers
to these questions often depend on specific hormonal–
biochemical, radiological, and histopathologic findings.
Consequently, the optimal assessment and management of
these patients remains a challenging task and must include
the efforts of endocrinologists, oncologists, surgeons, and
other support personnel.

This chapter reviews the clinical approach to children
with adrenal, gonadal, and pancreatic tumors. Pituitary,
thyroid and parathyroid tumors are covered in Chapters 2
and 20, respectively.

II. ADRENAL TUMORS

The incidence of adrenal tumors in children is not known
(see Chapter 6 for adrenal cortex and Chapter 8 for ad-
renal medulla). Of 58 patients reported by Bertagna (1),
11 (19%) were between 0.8 and 15 years of age. Adrenal
carcinoma represented about 10% of the carcinomas in
childhood, according to a registry-based data from En-
gland (2). The age of appearance is usually during the
first decade of life (3). Girls are more frequently affected
than boys, with ratio of 2.5:1 (4). While familial cases are
reported (5), occurrence of adrenal carcinoma in patients
with Li-Fraumeni syndrome (6), Beckwith syndrome (7)
hemihypertrophy (8), and congenital malformations of the
genitourinary tract are well known.

Incidence of nonmalignant tumors increases with age.
Malignant tumors show a bimodal distribution with the
first peak below age 5 years and the second peak in the
fourth to fifth decade (9). Industrial pollutants may play
a causative role, as reported from Brazil (10).

On a pathological basis, corticotropin-independent
cortisol overproduction represents a spectrum ranging
from benign nodular hyperplasia to malignant adrenal tu-
mors. In the 1960s, Meador et al. (11) described primary
adrenocortical nodular dysplasia, characterized by non-
malignant, autonomously secreting lesions. In another re-
cent review (12), a similar condition predominantly af-
fecting children and young adults has been described with
bilateral nodular disease, internodular cortical atrophy,
and varying degrees of pigmentation. This condition has
also been described in association with the Carney com-
plex, which includes myxomas, pigmented skin lesions,
peripheral nerve tumors, and various endocrine tumors
(13).

The cause of the nodule formation or dysplasia re-
mains to be established. An adrenal-stimulating immu-
noglobulin has been implicated in the pathogenesis (14).
In McCune-Albright syndrome, nodular hyperplasia of the
adrenal glands has been reported as the cause of hyper-
cortisolism (Chapter 9) (15). In these patients, somatic
mutation of the alpha subunit of the G-protein occurs dur-
ing fetal development, creating a mosaicism of normal
and mutant-bearing cells. In the latter, G-protein activa-
tion of adenylate cyclase increases cyclic AMP with for-
mation of multiple nodules and overproduction of cortisol.
Inverted diurnal rhythm, subnormal morning cortisol con-
centration, and low corticotropin in association with gas-
tric inhibitory peptide (GIP) recently were described.
Although the causative role of GIP in cortisol overpro-
duction remains undetermined, data support the hypothe-
sis of abnormal expression of receptors in the adrenal
(16,17).

A. Clinical Features

Adrenal tumors in children are usually functional, giving
rise to a constellation of symptoms or signs (Chapter 6).
Depending on the duration of the disease and the action
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Table 1 Clinical Features of Hypercortisolemia in
Children and Adults

Symptoms/signs
Children

(CS)
Children

(CS)
Adult
(CD)

General
Obesity (moon facies) 25 100 85
Growth failure 0 85 NR
Hypertension 13 77 75

Cutaneous
Plethora 13 77 80
Striae 0 54 50
Acne 88 85 35
Hirsutism 75 85 75
Bruising 0 38 35
Hyperpigmentation 0 38 5

Musculoskeletal
Osteoporosis NR 54 80
Weakness 0 46 50

Metabolic
Glucose intolerance NR 38 75
Renal stones NR 15 15

Neuropsychiatric symptoms
Fatigue, weakness 50 46 85

CS, Cushing syndrome; CD, Cushing’s disease; NR, not reported.
Source: Data adapted from Pediatr Clin North Am 1990; 37:1313–
1329.

of the metabolic, androgenic, and salt-retaining hormones,
the clinical spectrum may include Cushing syndrome and
virilization to hypertension. A majority of the tumors se-
crete cortisol, while androgen and aldosterone secretion
follow in decreasing frequency. Occasionally there is al-
teration of the clinical course with evidence of initial glu-
cocorticoid predominance being overlapped by the andro-
genic effects or vice versa, as the disease progresses. An
incidental adrenal tumor without any clinical manifesta-
tion is a distinct entity in adults; this represents only about
5% of all adrenal tumors in children.

Weight gain, truncal obesity, moon face, and buffalo
hump are observed in 40–60% of children with functional
adrenal tumors (Table 1). Obesity and short stature are
common presenting features (18–20), although the latter
may be the only manifestation of hypercortisolemia in
children (21).

Normal or accelerated linear growth may be encoun-
tered in children with androgen-producing adrenal tumors.
In such cases, the presence of acne, hirsutism, hypertri-
chosis of the face and trunk, deepening of the voice, and
clitoromegaly in females, are the distinguishable physical
signs. In prepubertal children, excess androgen will lead
to virilization with excess body hair, adrenarche, acne,
clitoromegaly or abnormal phallic growth, rapid skeletal
growth, along with excess weight gain (22,23). The dis-
order tends to be more severe and the clinical findings
more flagrant in infants than when the onset occurs in

older children (24,25). Premature adrenarche, a common
problem in clinical practice, may be the initial presenta-
tion, although the severity of the signs and symptoms will
help to differentiate the adrenal tumor from benign adren-
arche. In postmenarcheal girls, rapid weight gain and
menstrual irregularity often results from increased andro-
gens (Chapter 12). Estrogen-secreting tumors of the ad-
renals are rare in childhood. In prepubertal boys, these
may lead to gynecomastia along with enhancement of
growth and skeletal maturation; in girls, sexual precocity
characterized by premature thelarche and advanced
growth may occur (26). If there is evidence of virilization
or elevation of blood pressure, concomitant secretion of
androgens or mineralocorticoids should be suspected.

Hypertension, plethora, and fluid retention are also
common in children with adrenal tumor, being present in
up to 70% (Chapter 38). In aldosterone-producing tumors,
elevated blood pressure is one of the most common man-
ifestations. Both systolic and diastolic blood pressure is
abnormally elevated. Muscle weakness, cramping, pares-
thesia, polydipsia, and polyuria may occur. Despite fluid
retention and increase in the intravascular volume, there
is no clinical evidence of edema in these patients. Sodium
retention is only mild to moderate. Hypokalemia is the
most reliable laboratory abnormality, with electrocardio-
graphic signs of prolonged ST segment and inverted T-
wave. Alkalosis is also a frequent finding, causing tetany
and Trousseau’s sign in untreated patients.

A small percentage of patients are known to have
psychiatric symptoms, ranging from acute psychosis and
depression to manic-depressive behavior. Asymptomatic
hypercortisolemia with normal blood pressure has been
reported in children. Diffuse osteoporosis, more notice-
able in the vertebral column, is also common in these
patients. Impaired glucose tolerance is more frequent than
overt diabetes, and the incidence of renal stones is higher
than in the general population.

Preoperative differentiation of an adenoma from car-
cinoma is difficult. Although Cushing syndrome is fre-
quently caused by adenoma, while virilization is associ-
ated with carcinoma, benign and malignant tumors may
be functionally identical and, thus, clinically inseparable.
A normal or exaggerated response to exogenous ACTH
stimulation is more often encountered in adenoma than
carcinoma but lack of dexamethasone suppression is ob-
served in both (1). Size of the tumor has been noted to
be a predictor, with tumor size greater than 75 g being
more likely to be malignant (19). Histopathological cri-
teria such as mitoses, necrosis, and capsular and vascular
invasion were not reliable predictors of a malignant tumor,
as demonstrated by the presence of these findings in pa-
tients with benign adenomas (27,28).

B. Diagnosis

Because of the anatomical location deep in the abdomen
as well as nonfunctioning nature of the tumors, adrenal
adenoma or carcinoma often remains undiagnosed for a
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considerable period of time. The size attained by these tu-
mors is therefore enormous in many instances. During eval-
uation of nonspecific complaints or routine physical ex-
amination, abdominal mass may be detected in such
patients.

Hormonal studies are of vital importance in the di-
agnosis of adrenal tumors. Levels of urinary free cortisol,
17-KS, and 17-OHCS are significantly elevated in patients
with a functioning adrenal tumor (29). Plasma cortisol is
elevated, along with loss of diurnal rhythm. Complete an-
drogen profile including DHEA, androstenedione, and tes-
tosterone levels should be studied in patients with clinical
evidence of virilization (Chapter 17). Differentiation from
congenital adrenal hyperplasia is an important but difficult
task. In the hypercortisolemic state, lack of suppression
of plasma cortisol following administration of dexametha-
sone is characteristic of adrenal tumors. Therefore, per-
formance of a low-dose or high-dose dexamethasone test
should be a priority in these patients (Chapter 41).

Differentiation of pituitary disease from adrenal dis-
ease is challenging. Apart from providing further under-
standing about the functional relations between the pitui-
tary and the adrenal, the metyrapone test may be useful
in differentiating adrenal adenomas from carcinomas. In
about 50% of cases, adrenal adenoma are responsive to
metyrapone while carcinomas are usually nonresponsive.
Because the tumors do not respond and the normal adrenal
cortices are atrophic, ACTH stimulation test has very lim-
ited use in the diagnosis of adrenal tumors. Differentiation
of central precocious puberty from estrogen-secreting ad-
renal tumors in girls may be necessary. Urinary estrogens
and 17-KS and plasma DHEA, DHEAS, and estrogens are
elevated along with absent gonadotropin response follow-
ing GnRH stimulation in adrenal tumors. Measurement of
serum and 24 h urinary aldosterone levels as well as
plasma renin activity is useful for initial evaluation of sus-
pected aldosterone-producing tumors. To differentiate sec-
ondary hyperaldosteronism and avoid false-positive re-
sults, all medications, particularly diuretics, should be
discontinued prior to laboratory studies. In patients with
elevated serum aldosterone levels, complete suppression
of aldosterone secretion by administration of dexametha-
sone differentiates dexamethasone-suppressible hyperal-
dosteronism from primary hyperaldosteronism. Elevated
aldosterone levels, low renin activity, and high urinary
aldosterone with lack of dexamethasone suppression es-
tablishes a diagnosis of hyperaldosteronism (Chapter 6).
Further diagnostic studies, including the imaging studies,
should be performed in these patients (Chapter 38).

Radiological studies are an important component in the
diagnosis of adrenal tumors. CT scan and MRI aim to lo-
calize the tumor and define the extent of the disease. Intra-
venous pyelography is useful to delineate the relationship
of the kidney to the tumor mass. Ultrasonography shows
an adrenal mass in the majority of cases. CT scan is, how-
ever, the ideal method since it allows visualization of other
abdominal organs. Angiography is often required to provide
the surgeon with a map of the tumor’s blood supply.

C. Treatment

Complete surgical excision with replacement steroid ther-
apy provides the best choice for treatment of these patients
(30). Preoperative, operative, and postoperative manage-
ment are of critical importance. For primary pigmented
nodular adrenocortical disease, bilateral adrenalectomy
with steroid replacement is preferred (27). For adrenal ad-
enoma, unilateral adrenalectomy or resection of the tumor
followed by replacement steroid therapy is the treatment
of choice. Replacement therapy with glucocorticoid is
necessary until normal function in the contralateral gland
is restored. This is usually for 6–12 months, although
suppression from the tumor can persist for up to 2 years.

For adrenal carcinoma, surgical therapy aims to ex-
cise the tumor and local metastasis completely to enhance
the chance of cure. For inoperable or partially resectable
carcinoma, combination chemotherapy may offer an al-
ternative management approach (31,32). However, expe-
rience with pediatric patients is largely anecdotal. Mito-
tane therapy has been successful in patients with
intrauterine adrenal carcinoma and metastasis (34). In ad-
dition, medical therapy with metyrapone and aminoglu-
tethimide in combination is useful for control of symp-
toms. Ketoconazole, an inhibitor of steroid biosynthesis,
is the preferred drug to decrease cortisol secretion in se-
lected cases. RU 486, a glucocorticoid antagonist, has also
been employed to control the symptoms secondary to hy-
percortisolism.

D. Prognosis and Follow-Up

Early diagnosis and surgery offer the best hope for long-
term survival, with adenoma exhibiting an extremely good
outcome. Adrenal carcinoma in children, on the other
hand, is an extremely progressive disease. Final adult stat-
ure is stunted in most of these patients. Replacement ther-
apy with glucocorticoid is required for an indefinite period
of time. Careful follow-up at a 3–6 month interval is man-
datory. Clinical assessment and serum levels of cortisol,
DHEA, androstenedione, testosterone, and plasma rennin
activity are necessary to detect recurrent or metastic dis-
ease. The 24 h urinary 17-KS, 17-OHCS, and free corti-
sol, along with the other hormones that were initially ab-
normal, should be measured. A repeat dexamethasome
stimulation test should be done to assess the suppressi-
bility of cortisol production.

III. GONADAL TUMORS

A. Testicular Tumors

1. Causes and Presentation
Constituting about 1% of all cancers in men, testicular
tumors occur most commonly during the third and fourth
decades of life. Germ cell tumors, accounting for about
90% of all testicular tumors in the pediatric age group,
include embryonal carcinoma, endodermal sinus tumor,
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Table 2 Classification, Median Age, Frequency, Secretory, and Histological Characteristics of
Childhood Testicular Tumors

Classification
Median age

(years)
Frequency

(%)
Secretory
activity

Tumor
characteristics

Germ cell tumors
Endodermal sinus tumor 2 26 AFP Malignant
Teratoma 3 24 None Usually benign
Embryonal carcinoma Late teens 20 AFP, hCG Both
Teratocarcinoma Late teens 13 None Both
Gonadoblastoma 5–10 <1 None Both

Non-germ-cell tumors
Leydig cell tumor 5 6 Androgen Benign
Sertoli cell tumor 1 4 Androgen, estrogen Benign

AFP, Alpha-fetoprotein; hCG, human chorionic gonadotropin.
Source: Data adapted from Ref. 51.

and teratoma, representing a spectrum of progressive his-
tological differentiation. In young adults, however, the
spectrum includes seminoma, which represent 30–50% of
all germ cell tumors (35,36).

The best-documented risk factor for the development
of germ cell tumors is cryptorchidism, which is associated
with about 10% of germ cell tumors (Chapter 13) (37–
39). The degree of lack of descent of the testes correlates
with the likelihood of tumor formation, with abdominal
tests more at risk than those in the inguinal area. Orchi-
dopexy performed before the age of 6, however, reduces
this risk significantly. The pathogenesis of these tumors is
not clear. Incidence of tumor in the contralateral normally
descended testis is higher than that of controls. Although
several factors including higher temperature, higher go-
nadotropin levels, and congenitally abnormal germ cells
have been proposed, none has provided compelling evi-
dence to attain wide acceptance.

Dysgenetic gonads associated with androgen insen-
sitivity, persistent mullerian syndrome, true hermaphro-
ditism and Klinefelter syndrome have a higher incidence
of germ cell tumors (38–40). Down syndrome and cuta-
neous icthyosis (40–42) with steroid sulfatase deficiency
also has been reported to be associated with occurrence
of testicular tumors. One of the strongest risk factors for
the development of a germ cell tumor is having a history
of prior contralateral tumor (43–45), although a specific
causative factor remains undetermined. Familial occur-
rence of tumor has been reported, with sixfold increase
for a son whose father had a germ cell tumor (46).

Inadequately treated congenital adrenal hyperplasia
has been observed to be associated with testicular tumors
(47,48). It is presumed that the development and progres-
sion of these tumors is enhanced by the chronic stimula-
tory effect of elevated corticotropin.

Painless mass is the common mode of presentation;
however, pain and tenderness are found in half the cases.
Symptoms or signs due to metastasis to the retroperitoneal

lymph nodes or lungs are the initial findings in a small
proportion of patients. Tumors of Leydig cell origin may
secrete testosterone, producing signs of sexual develop-
ment. Unilateral or bilateral gynecomastia may occur as a
result of secretion of estrogen or of chorionic gonadotro-
pin by the stromal or germ cell tumors (49).

2. Diagnosis
Careful examination is crucial to the diagnosis testicular
tumors. An area of hardness, nodularity, or altered con-
sistency should be determined. Localization of the tumor
and differentiation of simple hydrocele from reactive hy-
drocele with testicular tumor can be reliably performed by
sonographic study. Patients suspected of having germ cell
tumor should undergo radiographic or imaging studies of
the chest, abdomen, and skeletal system to detect meta-
stastic disease. The functional and histological behavior
of various testicular tumors is detailed in Table 2.

Malignant behavior of Sertoli cell tumors correlates
directly with large size (50). Preoperatively as well as dur-
ing the follow-up, measurement of biomarkers such as
serum human chorionic gonadotropin (hCG) and alpha-
fetoprotein (AFP) x-fetoprotein (51) are useful, particu-
larly for monitoring these patients.

3. Treatment
Following diagnosis of testicular tumor, immediate sur-
gery is indicated. For teratoma, surgery alone is usually
sufficient while localized germ cell tumor requires radical
surgery (involving excision of the spermatic cord struc-
tures and the testicle). Periodic evaluation of the chest and
abdomen and measurement of serum AFP level allows
identification of tumor recurrence. For malignant tumors
with metastatic or recurrent disease, radical surgery and
chemotherapy (cisplatin, vinblastine, bleomycin) offer the
best outcome. However, controversy remains about the
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Table 3 Classification, Median Age, Frequency, Secretory, and Histological Characteristics
and Presentation of Ovarian Tumors in Childhood

Classification
Median age

(Years)
Frequency

(%)
Secretory
activity

Tumor and
presentation

Germ cell tumors
Dysgerminoma 16 17 HCG Ma/mass
EST 18 11 AFP H/mass, pain
Embryonal carcinoma 14 4 AFP, HCG M/Sexual precocity
Choriocarcinoma — rare HCG M/Sexual precocity
Teratoma 10–15 29 None B/mass
Gonadoblastoma 8–10 rare A, HCG M/Virilization
Carcinoid — rare Serotonin Nonspecific
Struma ovarii — rare Thyroxine Hyperthyroidism

Non-germ-cell tumors
Granulosa-theca cell 8 13 E, P L/Sexual precocity
Sertoli-Leydig cell 8 17 A, P L/Virilization

EST, endodermal sinus tumor; A, androgens; E, estrogens; P, progesterone; AFP, alpha-fetoprotein; HCG,
human chorionic gonadotropin.
aIndicates degree of malignant behavior: L, low-grade malignancy; M, moderately malignant; H, highly
malignant.
Source: Data adapted from Refs. 61 and 62.

need for retroperitoneal lymph node resection in pediatric
patients.

B. Ovarian Tumors

Ovarian tumors, which represent approximately 1% of
childhood malignancies (52), are classified into two cat-
egories on the basis of their cells of origin: germ cell
tumor and non-germ-cell tumor. Germ cell tumors, which
are more common than non-germ-cell tumors in all age
groups, account for 90% of ovarian tumors in premenar-
cheal girls (53). The majority of these germ cell tumors
are teratoma, having a histologically benign and function-
ally inactive nature. Non-germ-cell tumors such as gran-
ulosa, theca, Sertoli and Leydig cell tumors represent a
small proportion of the ovarian tumors; however, these
are of additional clinical significance because of their se-
cretory activity. The granulosa and theca cell tumors pre-
dominantly produce estrogens while Sertoli’s and Ley-
dig’s cell tumors secrete androgens.

Classification, median age, distribution, secretory and
histological characteristics, and the common presentation
of ovarian tumors are provided in Table 3. Dysgermi-
noma, the most common germ cell tumor of the ovary,
presents with painless abdominal mass. Endodermal sinus
tumor, the most aggressive type of the germ cell tumors,
presents as a painful mass with rapid metastasis to distant
sites. Teratomas, the most common and benign tumor of
germ cell origin, usually remain hormonally inactive. In
contrast, embryonal carcinomas, which are typically found
as an admixture of dysgerminoma, endodermal sinus tu-
mor, or teratoma, may undergo differentiation, become

hormonally active, and manifest with effect of hormone
production. Gonadoblastomas are uncommon tumors, yet
an important ovarian tumor in girls for two reasons. First,
these tumors occur more in phenotypic females with ab-
normal karyotype containing components of Y chromo-
somes (46,XY; 45,X/46,XY; 45,X/46,X fra). A recent re-
port has shown the occurrence of gonadoblastoma in
7–10% of Y-chromosome-positive Turner’s syndrome pa-
tients (54). Second, these tumors, which occur in dysge-
netic gonads where differentiation into tesis or ovary has
been absent or incomplete, usually contain both germ cell
and stromal cell components and frequently exhibit a ten-
dency to recur. Since all the gonadal tissue is potentially
involved and carcinoma in situ is always a possibility,
removal of the gonads is recommended at early stage (55).

About 5% of granulosa cell tumors develop in pre-
pubertal girls. In these girls, with a median age of 8 years,
presenting symptoms are attributed to the hormones pro-
duced by the tumors. Precocious sexual development
characterized by premature breast development, pubic and
axillary hair, white vaginal discharge, or irregular uterine
bleeding may be the mode of presentation (55). Excessive
weight gain with or without acceleration of linear growth
may also occur with advancement in the skeletal age
(Chapter 9). On rare occasions, androgen production may
lead to virilization with hirsutism, clitoromegaly, along
with acceleration of growth. In postmenarcheal girls, un-
regulated estrogen production may lead to irregular bleed-
ing or amenorrhea. Although hormonally inactive tumors
may remain asymptomatic, acute abdominal symptoms
may be the presentation in a small proportion of these
patients. This is largely the result of torsion or rupture of
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Table 4 Distribution (%) of Morphological Patterns
in Nesidioblastosis

Lesions Reference 68 Reference 76

Hyperplasia 33 29
Nesidioblastosis 17 34
Discrete adenomas 16 29
Normal pancreas 30 8

*Report was not available in 4% of the patients.

the tumor. Adequate clinical evaluation of these girls
should include pelvic examination, to be performed under
sedation or anesthesia, since palpable mass is almost al-
ways diagnostic of tumor.

To complete the endocrine evaluation, the pituitary–
ovarian axis and estrogen profile should be studied. Es-
tradiol level is usually elevated while luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) levels are
suppressed, thereby excluding the differential diagnosis of
central precocious puberty. Vaginal cytology reveals mat-
uration of squamous cells, reflecting the effect of estrogen.
Sonographic study helps in localizing the mass in the
ovary, although it is not a useful method to exclude ad-
renal disease. Laparoscopy and biopsy are often necessary.
Surgical resection of the lesion (i.e., unilateral salpingo-
oophorectomy), usually yields good outcome. Recurrence
of the disease is unusual. Compared to adult granulosa
cell tumors, juvenile granulosa cell tumors have distinct
histological features characterized by luteinized cells, ir-
regular follicles, and fibroblast-like cells and the absence
of Call-Exner bodies. The tumors may be cystic, solid or
both. Theca cell tumors are often hormonally active and
manifest by premature breast development, which is sim-
ilar to that of granulosa cell tumors. They are usually
slow-growing and lack the acuteness often encountered in
patients with granucosa cell tumor. Diagnostic studies and
management approach are, however, identical in both of
these conditions.

Classic virilizing ovarian neoplasms often called ar-
rhenoblastoma, Sertoli-Leydig cell tumors occur most
commonly during the teenage or early adult years (56).
Due to the effect of androgens, the early symptoms and
signs consist of weight gain, amenorrhea, hirsutism, acne,
deepening of the voice, and clitoromegaly. Abdominal
mass and nonspecific gastrointestinal and urinary symp-
toms may be present concurrently. Although symptoms
and signs are more intense and the progression of the
course is more rapid compared to congenital adrenal hy-
perplasia, androgen-producing adrenal tumor, and poly-
cystic ovarian disease, clinical differentiation may be dif-
ficult. ACTH-stimulated adrenal study, GnRH-stimulated
gonadotropin profile, and estrogen levels are essential to
confirm or exclude these differential diagnoses. Sono-
graphic study of the ovary often provides adequate infor-
mation to detect cystic lesions. However, computed to-
mographic (CT) scan is often required to assess the
adrenal disease in noncystic ovarian lesions. Histologi-
cally, these tumors show an intermediate to poor degree
of differentiation (57).

Identification of the cellular origin of such tumors is
possible; the presence of mRNA for P450c11 and
P450c21 and ACTH receptor will indicate adrenal tissue
(58). Prediction of prognosis based on the cells of origin
is a possibility.

Because of patients’ relatively young age, conserva-
tive surgical management with preservation of the uterus

and contralateral ovary is the goal of therapy. In advanced
or recurrent disease, chemotherapy and irradiation remain
the alternative (59,60), although the benefits of such ther-
apy are not proven.

IV. TUMORS OF ENDOCRINE PANCREAS

A. Nesidioblastosis

This is defined, from the pathologist’s point of view, as
the diffuse proliferation of islet cells budding off from the
pancreatic duct, leading to the formation of numerous
small clusters of the B-cells (63–65).

Males and females are equally affected and familial
occurrence has been reported. Clinically, the condition is
encountered in neonates and infants with persistent symp-
tomatic hypoglycemia (Chapters 23 and 24). Almost ex-
clusively, neonatal hypoglycemia is attributed to impaired
hepatic glucose output due to hyperinsulinemia. Severe
persistent hypoglycemia determines the clinical picture
(66–68). Seizures, apnea, respiratory distress, listlessness,
and cyanosis are the common manifestations (69). Neo-
nates are usually macrosomic, and infants frequently
weigh above than the 97th percentile. Physical exam-
inations are otherwise unremarkable in these patients.
Demonstration of hyperinsulinemia in the face of hypo-
glycemia, normal liver function, as well as other gluco-
regulatory hormones confirms diagnosis.

While diagnostic imaging studies are performed and
the patient awaits surgical treatment, medical therapy
should be instituted. This includes diazoxide, corticoste-
roids, and epinephrine (69–72). However, partial pancre-
atectomy is recommended in these patients. Surgery
should be performed at the earliest opportunity to mini-
mize episodes of hypoglycemia and the risk of consequent
neurologic impairment (69).

Such terms as nesidioblastoma, multifocal ductuloin-
sular proliferation, microadenomatosis, nesidiodysplasia,
and islet-cell dysmaturation syndrome have been used to
describe the morphological variants of nesidioblastosis
(64,73). Clinical and biochemical means are not helpful
to characterize the morphological patterns in these patients
(Table 4). At the functional level, further controversy ex-
ists about the relationship between hypoglycemia and
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Table 5 Symptoms of Hypoglycemia

Adrenergic Neuroglycopenic

Anxiety Headache
Nervousness Blurred vision
Tremulousness Paresthesias
Sweating Weakness
Hunger Tiredness
Palpitation Confusion
Irritability Dizziness
Pallor Amnesia
Nausea Incoordination
Flushing Behavioral change
Angina Seizures, coma

Source: Ref. 81.

Table 6 Initial Diagnosis in 46 of
91 Patients with Proven Insulinoma

Diagnosis
Number of

patients

Epilepsy 14
Nervous exhaustion 6
Psychoses 6
Stroke 4
Hysteria 4
Menopause 3
Tetany 2
Brain tumor 2
Diabetes 2
Inebriation 2
Heart attack 1

Source: Ref. 88.

nesidioblastosis: pathological characteristics similar to
nesidioblastosis are known to exist in patients with nor-
moglycemia, while normal pancreatic morphology has
been described in patients with hypoglycemia (74–76).

B. Insulinoma

Functioning beta-cell tumors have been found in patients
from birth to old age, with approximately 10% of all cases
occurring in individuals below 20 years of age (78,79).
There is slight preponderance to females, with adequate
reasons for this observation being unclear (80).

Although insulinomas may belong to a spectrum that
includes islet cell tumors, nesidioblastosis, and multiple
endocrine neoplasia (MEN) type 1 (81,82), it is important
to differentiate this entity from the rest because of thera-
peutic implications (Chapter 28). If it is part of MEN type
1, long-term follow-up has to focus on the detection of
other tumors. Nesidioblastosis requires more radical sur-
gical resection than what is necessary for a discrete tumor.

1. Clinical Features
In patients with insulinoma, the hypoglycemia due to hy-
perinsulinemia determines the clinical pictures. Combi-
nations of adrenergic and neuroglycopenic symptoms, as
shown in Table 5, are present in vast majority of patients
(83,84), although the latter tends to predominate in indi-
viduals with organic hyperinsulinism. The time of the day
that symptoms occur and the relationship of these symp-
toms to meals are important. If the symptoms are present
in the morning during fasting state, hyperinsulinemic hy-
poglycemia remains a strong possibility; if symptoms are
reported during the postmeal period, excessive insulin re-
sponse due to leucine sensitivity becomes a possibility.
Presence or absence of other diseases, such as pituitary,
adrenal, hepatic, renal, or autoimmune diseases, should
likewise be ascertained. Family history of MEN-type I,
possible access to hypoglycemic agents, history of ethanol

ingestion, and the nutritional status of the patient should
be specifically determined.

Apart from the symptoms being nonspecific, physical
examinations are also noncontributory. Thus, clinical di-
agnosis of insulin producing tumor is an almost impos-
sible task. As shown in Table 6, initial diagnosis in pa-
tients with proven insulinoma is extremely variable, with
50% of patients being diagnosed inappropriately. The du-
ration of symptoms in patients with islet-cell tumor is also
variable and may be as short as 2 weeks or as long as 20
years. Because they learn to avoid symptoms by eating
frequently throughout the day and night, some patients
with longstanding disease may present with obesity and
increased linear growth, which may also be the direct con-
sequence of the anabolic and growth-promoting effect of
insulin.

2. Laboratory Tests
Although normoglycemia and normal serum insulin levels
have been documented in a small percentage of patients
with insulinoma (85), this condition is usually suspected
in nondiabetic individuals with hyperinsulinemic hypogly-
cemia during the fasting state. Indeed, absolute values of
blood glucose and serum insulin as well as their ratio,
normally up to 0.3, at the fasting state requires docu-
mentation in these patients before one undertakes more
definitive and expensive tests (86). Lack of ketonemia,
ketonuria, and acidosis in the presence of fasting hypo-
glycemia is also strongly supportive of a diagnosis of
hyperinsulinemic hypoglycemia.

An amended insulin glucose ratio, calculated by mul-
tiplying the insulin level by 100 and then dividing by the
blood glucose minus 30, is considered a better discrimi-
nator between normal and abnormal insulin secretion.
This ratio of normally 50 or less measures the degree of
suppression of the pancreatic insulin secretion and reduces
false-negative results.
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Measurement of plasma C-peptide and proinsulin lev-
els are also useful in differentiating factitious hypogly-
cemia from islet-cell tumor (87). Normally, the pancreatic
insulin secretion parallels the plasma level of peptides. In
children with suspected hypoglycemia due to insulinoma,
a limited fast of variable duration (6–72 h) is often nec-
essary (88). This is especially the case when hypoglyce-
mia is observed in the absence of inappropriate elevation
of insulin levels.

Duration of the fast should be determined on the basis
of age, concurrent conditions, and severity of symptoms.
Infants and young children should fast 4–12 h under close
observation in the hospital. In adults, prolonged fast of 72
h has been used. However, with the availability of insulin,
proinsulin, and C-peptide assays, the 72 h fast is not nec-
essary (89).

For detection of symptoms of hypoglycemia and
measurements of blood glucose, insulin, and urine ketones
at the time of the symptoms, hospitalization is necessary.
In patients with insulinoma, the time of symptom devel-
opment during the fast has been variable, ranging from 7
to 60 h. Spontaneous increase in blood glucose levels has
also been reported in such patients.

Provocative tests for assessment of insulin secretion
are sometimes necessary (90). This is particularly advan-
tageous when the clinical evidence is compelling, yet time
limitations do not allow hospitalization for prolonged fast-
ing. Glucagon, leucine, and tolbutamide are beta-cell-
stimulatory agents used for this purpose (90–92). Intra-
venous calcium infusion is also used as a stimulus to
insulin secretion (93,94). However, the tolbutamide test
should not be used because it may be dangerous.

Depressed glucosylated hemoglobin and fructosamine
levels may be present in patients with insulinoma, sup-
porting the presence of hypoglycemia during the preced-
ing 6–8 weeks.

3. Differential Diagnosis
Hypoglycemia due to various systemic diseases is fre-
quently encountered in clinical practice. Hyperinsulinemia
is the primary differentiating feature between these pa-
tients and those with insulinoma. The most difficult dif-
ferential diagnosis is nesidioblastosis.

4. Localization of the Lesion
Once clinical and biochemical evidence of hyperinsulin-
ism is established, anatomical localization of the insulin-
secreting lesion is indicated. This is accomplished by ul-
trasonography, CT scan, highly selective arteriography, or
percutaneous transhepatic pancreatic venous sampling.

Of all the methods of study, preoperative ultrasonog-
raphy is the most inexpensive and least invasive technique
to localize pancreatic tumors. However, the accuracy is
low, with detection of 25% of pancreatic lesions (95). On
the other hand, this will avoid the false-negative results
of laparotomy that can occur in patients with nesidioblas-

tosis where no identifiable tumor is present. Preoperative
endoscopic ultrasonography increases the accuracy of di-
agnosis and has been the choice for many surgeons (96).

Using intraoperative ultrasonography by applying the
probe on the surface of the pancreas, lesions too small to
be palpable have been detected. CT scan performed with
contrast enhancement can improve the sensitivity of de-
tection up to 40% (97). Detection of the lesion also de-
pends on its size and location: lesions measuring less than
2 cm or located on the head or tail of the pancreas are
most likely to be missed. Although ultrasonography and
CT scan have low accuracy, these are reasonable first
choices for tumor staging and detection of metastasis. Se-
lective arteriography is useful to demonstrate insulinomas,
with a success rate ranging from 30 to 90% (98); lesions
as small as 0.5 cm in diameter have been detected. Pre-
operative angiography is utilized to determine the number,
size, and location of the tumors. Tumors located in the
head or tail of the pancreas are the most likely to be
missed.

Transhepatic venous sampling with simultaneous ar-
terial blood sampling has been useful in detecting small
tumors that were missed during preoperative imaging
studies (99). Apart from obtaining blood samples from
different points in the portal, splenic, and mesenteric ve-
nous system, it is important to draw simultaneous periph-
eral blood samples to allow for changing during the
course of the procedure. During this study, venous insulin
concentration at least 50% higher than the arterial level is
considered to be diagnostic of insulinoma. There is a con-
siderable degree of risk of complication, such as perito-
nitis, hemorrhage, or perforation of the gallbladder. As a
consequence, this procedure should be considered if in-
sulinoma is likely based on the hypoglycemia and hyper-
insulinemia and yet ultrasound, CT scan, and arteriogra-
phy have all been negative. Biochemical markers using
alpha-hCG, beta-hCG, or immunostaining technique have
been found to be helpful in some patients. Differentiation
of malignant lesions from benign by the histological cri-
teria has been unreliable, because the morphological char-
acteristics fail to correlate with the metastatic disease
(100).

5. Treatment and Prognosis
To avoid irreversible neurological sequelae of persistent
profound hypoglycemia, intense preoperative manage-
ment is mandatory. Dietary management should be judi-
cious, particularly ensuring a snack before the bedtime.
However, treatment is particularly difficult in infants and
children due to the uncertainty in ensuring food intake at
a timely manner and the variability of the pathology. Dif-
fuse islet cell involvement is more frequent than solitary
adenomas, thus making complete surgical removal of the
tumor difficult for the surgeons.

For preoperative patients as well as those with inop-
erable or undetectable tumor, pharmacological agents are
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Table 7 Characteristic Features of Glucagonoma, Vipoma, and Somatostatinoma

Character Glucagonoma Vipoma Somatostatinoma

Amino acid 29 28 14
Normal source a-cells of pancreatic islet Intestinal mucosa, central and

peripheral nervous system
D cells of pancreatic islet, hypothala-

mus-pituitary, intestinal mucosa
Physiological action Raise blood glucose Neurotransmitter; Enhances in-

testinal secretion
Reduces intestinal secretion and mo-

tility
Characteristics
Clinical features

Rash, glossitis, stomatitis Persistent and profuse diarrhea
mimics cholera

Diabetes, cholestasis, steatorrhea;
may have hypoglycemia

Malignancy (%) 75 60 60
Incidence in children Not known, cases reported Not known Not known
Diagnosis Elevated plasma level glu-

cagons, insulin; CT
scan

Elevated plasma level of VIP or
PHM; hypokalemia; CT
scan; laparotomy

Elevated serum level of somatostatin;
CT scan to detect tumor mass

indicated. Diazoxide, a benzothiadiazine derivative, re-
duces insulin secretion and increases the epinephrine re-
lease. When administered at a dosage of 100–800 mg
daily this maintains normoglycemia. Although side effects
such as fluid retention and hypertrichosis are unaccept-
able, it is tolerated by most patients. Corticosteroid, used
in conjunction with other agents, enhances the effective-
ness of maintaining normoglycemia. A long-acting so-
matostatin analog, SMS 201-995, has shown promise in
correcting hypoglycemia (101). Surgical removal of the
tumor is the mode of therapy in patients with insulinoma
(102) and should be performed at the earliest possible
time. Almost 90% of the tumors are benign, and carry a
favorable diagnosis.

C. Glucagonoma

Clinical and diagnostic features of glucagonoma, in com-
parison with vipoma and somatostatinoma, are presented
in Table 7. Apart from insulin, endocrine tumors of the
pancreas can produce glucagon, pancreatic polypeptide,
and somatostatin along with peptides that are not normally
present therein, such as VIP, peptide histidine methionine,
growth hormone-releasing factors, gastrin, and calcitonin.
Due to cosecretion of these hormones by various tumors,
clinical syndromes may overlap and appear to be nonspe-
cific. It consequently becomes impractical to pursue the
diagnosis in all patients who present with these symptoms.
However, glucagonoma, vipoma, and somatostatinoma,
despite being rare in children, are interesting because of
the cause and effect relationship between the increased
hormone levels and the distinct clinical syndromes (glu-
cagon and hyperglycemia, vasoactive intestinal peptide
and diarrhea, somatostatin and reduced motility of the
gastrointestinal–biliary tract). For a practicing physician,
the importance of being familiar with these syndromes is,
therefore, obvious: distinct clinical expression caused by
altered biochemical environment, increased availability of

precise diagnostic tools, and, most of all, specific thera-
peutic implications.

The true incidence of glucagonoma is not really
known. Postmortem studies in adult patients with neither
clinical symptoms nor diabetes have disclosed the pres-
ence of glucagonoma (103). However, there are no such
data available in children. Glucagon, a 29-aminoacid
polypeptide, is secreted mostly by the alpha cells of the
pancreatic islets. It stimulates the glycogenolytic process,
resulting in elevation of blood glucose.

1. Clinical Features
A characteristic skin rash is the major manifestation in
patients with glucagon-secreting islet cell tumor (103–
105). Commonly starting in the groin area as erythema-
tous blotches, the lesions migrate to the buttocks, thighs,
perineum, and distal extremeties. The lesions are necro-
lytic, with raised and vesiculopustular appearance and
gradually become confluent. During the acute stage, these
lesions are intensely painful and pruritic. After scaling, the
lesions heal and become indurated and hyperpigmented.
However, remission and relapse are typical of these le-
sions, which are due to the glycogenolytic action of glu-
cagon. Glossitis, angular stomatitis, venous thrombosis,
and occasional blackout spells occur in association with
these lesions. The most common gastrointestinal symp-
toms are diarrhea and constipation, which is attributed to
the altered motility of the intestine. Other findings include
anemia and weight loss, which is primarily due to the
anorexic and catabolic effect of glucagon. Specific bio-
chemical findings include hypoproteinemia, hypoami-
noacidemia, and hypocholesterolemia. Mild hyperglyce-
mia, due to the glycogenolytic effect of glucagon, is also
observed in some patients (106).

2. Diagnosis and Management
In the presence of suggestive clinical findings, the diag-
nosis is readily confirmed by the finding of elevated serum
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glucagon concentrations. Plasma insulin levels are also
elevated, which explains the mildness of diabetes. A par-
adoxic rise of plasma glucagon during an oral glucose
tolerance test or intravenous tolbutamide test provides ad-
ditional support to the diagnosis of glucagonoma. How-
ever, these tests are superfluous in most cases. Preopera-
tively, CT scan is necessary to localize the primary and
metastatic disease. However, the most valuable technique
for tumor localization is selective arteriography: gluca-
gonomas are highly vascular and produce prominent tu-
mor blush.

Treatment involves surgical resection, which leads to
dramatic improvement of the rash (106,107). Chemother-
apy with dacarbazine (108) and stretpzotocin (109) have
been useful in case of nonresectable tumors. Somatostatin
use alleviates the symptoms, because of the reduction of
glucagon (110,111). Although zinc levels in the blood do
not correlate with the presence or absence of the rash, oral
zinc administration has been shown to improve the skin
lesions (112). Adequate nutritional support and reversal of
negative nitrogen balance stand at the center of the med-
ical and surgical management of these patients. Parenteral
infusions of specific amino acids to correct the catabolic
hypoaminoacidemia has led to disappearance of the skin
lesions (113).

D. Vipoma

Since the first description of this condition in 1957 by
Priest and Alexander (114), various investigators have re-
ported its manifold clinical features (115–119). Various
synonyms such as Verner-Morrison syndrome, watery di-
arrhea hypokalemia–achlorhydria (WDHA) syndrome,
and pancreatic cholera syndrome have described the same
condition (118). In 1973, Bloom and colleagues renamed
this condition vipoma syndrome (116).

VIP is a 28-amino-acid peptide, distributed diffusely
in the gastrointestinal submucosa as well as the central
nervous system (120). It stimulates water and electrolyte
secretion, leading to profuse water loss in the small intes-
tine and colon. Sodium and potassium secretion into the
lumen of the bowel also features prominently due to VIP’s
action. Relaxation of the smooth muscles of gastrointes-
tinal and vascular system, reduction of the gastric acid
output, and decrease in the motility of the gall bladder are
also caused by the vipoma.

1. Clinical Features
Vipoma is an uncommon disorder in children. Mekhjian
reported 6 patients (119), out of 29 diagnosed cases of
this syndrome, who were below 5 years of age. Mean age
of presentation is 47 years (121), and the incidence has
been estimated at 1:10 million per year. There is a female
preponderance.

Diarrhea, the major manifestation of the vipoma syn-
drome, is characterized as persistent, secretory, and large
in volume, exceeding 700 ml/day. Stool is isotonic with

plasma and mimics the description of cholera. Apart from
the massive water loss, large amounts of potassium and
bicarbonate are lost in the stool. Thus, dehydration, hy-
pokalemia, and acidosis lead to significant morbidity and
mortality.

Due to the inhibitory effect of VIP on pentagastrin-
mediated acid secretion, gastric acid secretion is fre-
quently decreased in these patients. Differentiation from
Zollinger-Ellison syndrome is therefore based on dimin-
ished basal acid output. Although the serum phosphorus
level is normal, hypercalcemia and hypomagnesemia oc-
cur in patients with vipoma syndrome. Hypercalcemia is
explained on the basis of excessive bone resorption me-
diated by the VIP. Hyperglycemia, due to the glucagonlike
effect of the VIP, is also reported.

2. Diagnosis and Management
Correction of volume deficit, electrolyte abnormalities,
hypercalcemia, and hypomagnesemia should be the pri-
ority before establishing the diagnosis of vipoma and lo-
calizing the tumor.

In the presence of characteristic clinical syndrome,
the elevated plasma VIP concentration is diagnostic (122).
However, normal plasma VIP levels with increased level
of peptide histidine-methionine (PHM), another intestinal
secretagogue similar in effect to the VIP, have been de-
scribed in patients with this syndrome. An intestinal per-
fusion study is useful to document intestinal secretion and
confirm the diagnosis of vipoma syndrome. Anatomical
localization of the tumor and its metastasis is obtained by
ultrasound and CT scan study. However, false-negative
studies are reported, making exploratory laparotomy the
most definitive diagnostic modality.

Surgical resection offers the best chance of cure and
provides relief of symptoms. In patients with nonresect-
able or metastatic disease, chemotherapy with streptozo-
tocin may produce remission of symptoms and normalize
the plasma VIP levels. Other drugs such as corticosteroids
and lithium carbonates have been reported to control the
symptoms of diarrhea. Treatment with octreotide, a so-
matostatin analogue, represents a newer method of non-
surgical management of these patients.

E. Somatostatinoma

1. Clinical Features
This is also an unusual disorder in children. Most of the
reported cases in literature involve adult patients. So-
matostatin, a 14-amino-acid cyclic peptide, is present in
the anterior pituitary, hypothalamus, thyroid follicle, D-
cells of the pancreatic islet, and intestinal mucosa (123–
126). As indicated by its name, it inhibits the pituitary,
pancreatic, gastric, and biliary secretion. Thus, in patients
with somatostatinoma and consequent increased serum so-
matostatin concentration, provocative GH and TSH re-
sponse is inhibited, insulin and glucagon levels are di-
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minished, and gastrointestinal and biliary secretion is
decreased. Motility of the gastrointestinal and biliary tract
is also reduced. Clinically, pancreatic somatostatinoma
produces a triad of diabetes, cholelithiasis, and steatorrhea
(127,128). Diabetes is usually mild, cholelithiasis is as-
sociated with gallbladder stasis, and steatorrhea is due to
insufficient exocrine function of the pancreas. However,
cosecretion of the hormones can alter the picture, contrib-
uting to various nonspecific symptoms. For instance, di-
arrhea may be the prominent feature in case of calcitonin
oversecretion. Due to the altered insulin/glucagon balance,
hypoglycemia has been reported in some patients with so-
matostatinoma (129). Extrapancreatic somatostatinoma,
usually located in the duodenal mucosa, is more likely to
present with biliary obstruction than the above-mentioned
constellation of the syndrome. Weight loss and anemia are
also present in patients with longstanding disease.

2. Diagnosis and Management
In presence of clinical syndrome, the serum somatostatin
level is usually elevated in patients with somatostatinoma.
Provocative endocrine studies using tolbutamide, arginine,
or the glucose tolerance test may be required in doubtful
cases to document lack of change in the insulin and glu-
cagon (129,130). Detection of tumor mass and metastasis
requires radiological imaging study, usually with CT scan.
Although total surgical resection offers the most favorable
outcome, advanced or recurrent disease may require che-
motherapy with streptozotocin and 5-fluorouracil (129,
131). Prognosis for treatment depends on the extent of the
disease at the time of diagnosis.
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I. INTRODUCTION

Over the last few years many new developments in the
area of molecular genetics have uncovered alternative ge-
netic mechanisms leading to human genetic disorders and
disease.

Disorders that were previously thought to have a
straightforward mendelian inheritance are now being rec-
ognized as involving nontraditional forms of inheritance,
such as uniparental disomy, mosaicism, cytoplasmic ele-
ments, unstable DNA, and genomic imprinting. With the
complete analyses of the human genome, many additional
mechanisms of disease are likely to be defined. These
newly recognized nontraditional forms of inheritance and
their importance in endocrine disorders are reviewed in
this chapter.

II. UNIPARENTAL DISOMY

Chromosomes are inherited in pairs. Humans usually have
23 chromosome pairs. The usual normal chromosome pair
consists of one chromosome contributed from the father
and one from the mother. Occasionally, however, both
chromosomes of a particular pair come from only one of
the parents. This is called uniparental disomy (1), from
uni meaning one; parental and disomy meaning normal
number of normal paired chromosomes.

Uniparental disomy (UPD) has now been described
with many different human chromosomes. Patients with
UPD who have been described so far are usually sporadic,
but can be expected to be seen rarely in families with trans-
locations. Three types of problems occur with UPD: ge-
nomic imprinting is uncovered, autosomal recessive disor-
ders are produced, and vestigial aneuploidy can be seen.

A. Genomic Imprinting

Uniparental disomy may be associated with abnormalities
of growth and behavior, placental abnormalities, and in-

trauterine death. This seems to be related to genomic im-
printing (see below).

The classic examples of genomic imprinting being
uncovered in UPD involve Prader-Willi syndrome (PWS)
(2–4) and Angelman syndrome (AS) (5,6). Prader-Willi
syndrome is a disorder that may be present to the endo-
crinologist. Affected individuals have a round face, obe-
sity, mental retardation, and hypogonadism. In the new-
born period, they are usually markedly hypotonic. PWS
is associated with an absence of the paternal contribution
of chromosome 15 because of a deletion or due to ma-
ternal UPD for chromosome 15. Angelman syndrome, on
the other hand, presents with a very long face, mental
retardation, uncontrolled bouts of laughter, and seizures,
and is associated with an absence of the maternal contri-
bution of chromosome 15 because of a deletion or due to
paternal UPD for chromosome 15.

Maternal UPD for chromosome 7 is associated with
intrauterine and postbirth growth retardation (7–10).
These individuals present as or in a similar manner to
those with Russell–Silver syndrome. It has been estimated
that 10% of Russell Silver syndrome patients have ma-
ternal UPD 7 as the cause of their growth deficiency.

Paternal UPD of chromosome 6 is associated with
transient neonatal diabetes (11). Although it is not seen in
all cases of transient neonatal diabetes, it should be
screened for since the natural history may be different
from non-UPD cases.

B. Autosomal Recessives

Uniparental disomy, as mentioned, occurs when the two
chromosomes in a pair have been inherited from only one
parent (1). UPD may be uniparental isodisomy, in which
the two homologs originate from the same parental chro-
mosome and are identical; or uniparental heterodisomy, in
which the two chromosomes originate from the two dif-
ferent parental chromosomes and are not identical. When
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Table 1 Uniparental Isodisomy and Recessive Disorders

Chromosome Transmission Recessive Disorders

1 Maternal Epidermolysis bullosa
Paternal Pyknodysostosis

5 Paternal Spinal muscular atrophy
6 Paternal Complement deficiency

Paternal Methylmalonic acidemia
Maternal Congenital adrenal hyperplasia

7 Maternal Cystic fibrosis
Maternal Osteogenesis imperfecta
Paternal Situs inversus and immotile cilia
Paternal Congenital chloride diarrhea

8 Paternal Lipoprotein lipase deficiency
9 Maternal Cartilage hair hypoplasia

10 Paternal Multiple endocrine neoplasia
11 Maternal Beta thalassemia
13 Paternal Retinoblastoma
14 Maternal Rod monochromacy
15 Maternal Bloom syndrome
16 Paternal Alpha thalassemia

Maternal Familial Mediterranean fever
X Paternal Hemophilia transmitted from father to son

Maternal Duchenne muscular dystrophy in a female
Maternal Androgen insensitivity

Source: Ref. 12.

two copies of exactly the same chromosome are inherited
from one parent, an abnormal gene may be present, and
thereby both copies of the gene are abnormal. This may
lead to an autosomal recessive disease. This is a very un-
usual situation for an autosomal recessive disease because
only one parent is a carrier. A long list of autosomal re-
cessive disorders associated with UPD is accumulating
(12) (see Table 1). UPD should also be considered when-
ever a patient has two autosomal recessively inherited dis-
orders.

C. Vestigial Aneuploidy

UPD is likely to arise from trisomy rescue (14). Most
trisomies are embryonic or fetal lethal conditions. The
only way such a conception is likely to survive is if a so-
called normal diploid cell line develops by the loss of one
of the trisomy chromosomes. When that happens, one-
third of the time UPD will occur. Such a conception may
harbor some trisomic cells in some tissues, which can lead
to malfunction, cancer, or anomalies. Thus individuals
with UPD must be viewed with concern.

UPD for many other chromosomes has not been as-
sociated with an abnormal phenotype (14). Several reports
have shown that UPD for other chromosomes, for ex-
ample chromosome 9 (15) and chromosome 1 (16) has no
phenotypic abnormalities. The UPDs of concern seem to
be maternal 7, 14, 15, 16, and paternal 6, 11, 15.

In summary, it is important to keep in mind that UPD
for certain chromosomes or chromosome regions must be
considered a possible mechanism producing disease, par-
ticularly related to disorders of growth, many different
autosomal disorders (particularly the associations of two
recessive disorders), and/or patches of chromosomally ab-
normal tissue.

III. MOSAICISM

Mosaicism describes an individual who has two different
cell lines derived from a single zygote. Studies of placen-
tal tissues from chorionic villus sampling have shown that
at least 2% of all conceptions are mosaic for chromosomal
anomalies at or before 10 weeks of pregnancy (13). This
suggests that mosaicism may be quite frequent in humans.
Among early abortuses, 50% have a chromosomal anom-
aly, the most common being trisomy and triploidy. Com-
plete trisomies are usually nonviable, and in most cases
are aborted. However, the development of a normal cell
line may rescue or allow a trisomic conception to come
to term and be viable. In trisomies 13 and 18, Kalousek
(17) has shown that all pregnancies that survive to birth
have some normal cells in the placenta.

Depending upon the point at which the new cell line
arises during early embryogenesis, a patient may have a
variety of clinical presentations. In some situations, the
trisomic cell line may be lost or overgrown. Mosaicism
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Table 2 Endocrine Disorders at Risk to Be Imprinted

Chromosome Endocrine Disorder

6 Insulin-dependent diabetes
H-Y antigen
Prolactin
21-OH
Paget’s disease of bone
Estrogen receptor
MEN I

11 Hypoparathyroidism
Adrenocortical cancer
MODY

19 Insulin receptor
Infertility (LH)
Chorionic gonadotrophic cluster

20 Diabetes insipidus
Albright hereditary osteodystrophy
Growth hormone releasing factor

22 Thyroid-stimulating hormone
MEN II

MEN, multiple endocrine neoplasia; LH, luteinizing hormone.

may be present in some tissues, but not in others. Mosa-
icism may lead to patchy or asymmetrical distribution for
abnormal tissue. There are many conditions that are asym-
metrical or patchy (such as Ollier syndrome, multiple ex-
ostosis, and McCune-Albright syndrome) that are best ex-
plained on the basis of mosaicism.

McCune-Albright is a sporadic disorder characterized
by polyostotic fibrous dysplasia, café-au-lait pigmenta-
tion, sexual precocity, and hyperfunction of multiple en-
docrine glands (Chap. 9). Because MAS is usually spo-
radic and has a characteristic lateralized pattern of
cutaneous hyperpigmentation, it has been thought for
some time to be likely caused by a somatic mutation oc-
curring early in development, with some cells affected but
others not affected. The occurrence and severity of the
disease in bone, skin, and endocrine abnormalities in a
patient depend on the number of cells carrying the mu-
tated gene in the specific tissue.

MAS has been shown to result from a specific mu-
tation in the alpha subunit of the Gs protein of adenyl
cyclase (18,19). This type of mutation leads to constitutive
activation of the Gs protein, inducing proliferation and hy-
perfunction of cells’ responsiveness to hormones. The mu-
tation is not the same in all patients, and different patients
have different specific mutations and different distribu-
tions of tissue involvement. However the mutation is al-
ways consistent within an affected individual. It would be
a lethal mutation if there were not normal cells present in
some tissues. Many other patchy disorders are being
found to represent somatic mutations, or so-called second
hits to the normal allele leaving no normal gene. This
obviously occurs in cancer, but is also seen in patchy dis-
orders.

IV. GERMLINE MOSAICISM

Germline mosaicism refers to mosaicism of the germ cells
(eggs and sperm), and occurs when some germ cells are
normal and others carry a genetic abnormality, such as a
mutation or differences in chromosome number. Because
this situation may be exclusive to the germ cells, it does
not become apparent until a couple has children (20). In
this type of situation, parents can have two or more chil-
dren with the same new dominant mutation, but the par-
ents appear to be and test as normal. Germline and so-
matic mosaicism have been documented on a bichemical
and DNA level in some cases of osteogenesis imperfecta
(21) and pseudoachondroplasia.

V. GENOMIC IMPRINTING

Genomic imprinting refers to the differences in the phe-
notype of a disorder depending on the parent from whom
it is inherited (22–24). Much of the information on im-
printing comes from studies done in mice (25) but, more

recently, several specific clinical disorders have been de-
fined in humans.

One of the first indications that male and female ge-
netic contributions were different came from pronuclear
transplantation experiments. Pronuclear transplantation al-
lows the pronuclei of the oocyte and the sperm to be ma-
nipulated before fertilization. This technique was used in
mice to produce zygotes that have two female pronuclei
(gynogenetic) or two male (androgenetic) pronuclei.
These studies showed that the zygote with two maternal
contributions developed embryos, but the embryos were
very small. However, when two paternal contributions
were present, a placenta developed but no embryo did.
These studies clearly showed that both maternal and pa-
ternal genetic contributions are different, complementary,
and necessary (26,27).

Mouse and human chromosomes have homologous
regions. This has prompted the suggestion that several
genes known to be imprinted in mice may also be im-
printed in homologous chromosomal regions in humans.
Several genes known to be imprinted in mice have been
associated with disorders of growth in humans (Table 2)
(26–28).

Insulin-like growth factor type II and the H19 genes,
for example, are located in the mouse chromosome 7 (29).
In humans these genes map to 11p15, which is the area
associated with Beckwith-Wiedemann syndrome (30–32),
a fetal overgrowth disorder characterized by a predispo-
sition to tumors and hyperinsulinism (Chap. 5).

Because disorders that are imprinted in humans show
a difference in the phenotype depending on the parent
transmitting the gene, endocrine and other disorders
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Figure 2 In pedigrees suggestive of maternal imprinting,
phenotypic effects occur only when the gene is transmitted
from the father, but not when transmitted from the mother.
Equal numbers of males or females are affected or unaffected
phenotypically in each generation. A nonmanifesting trans-
mitter gives a clue to the gender of the parent who passes
the expressed genetic information; in other words, in paternal
imprinting there are ‘‘skipped’’ female nonmanifesting indi-
viduals.

Figure 1 Pedigree suggestive of paternal imprinting. Phe-
notypic effects occur only when the gene is transmitted from
the mother but not when transmitted from the father. An
equal number of males or females are affected or unaffected
phenotypically in each generation. A nonmanifesting trans-
mitter gives a clue to the gender of the parent who passes
the expressed genetic information; in other words, in paternal
imprinting there are ‘‘skipped’’ male nonmanifesting individ-
uals.

should be suspected to be imprinted if varying phenotypes
are seen in a pedigree (Figs. 1 and 2) depending on the
transmitting parent. Two disorders suspected of being im-
printed on the basis of varying phenotype in the pedigrees
are Albright’s hereditary osteodystrophy and paragan-
gliomas.

Albright’s hereditary osteodystrophy (AHO), also
known as pseudopseudohypoparathyroidism, is character-
ized by short stature, mental retardation, round face, obe-
sity, brachydactyly, and subcutaneous calcifications in the
presence of hypocalcemia and parathyroid hormone resis-
tance.

A review of reported cases of AHO showed that there
is a marked difference in the phenotype of AHO depend-
ing on the parent transmitting the disorder. Davies and
Hughes (33) collected data on 36 AHO-transmitting par-
ents. They found that in 92% of the affected cases the
allele was inherited from the mother, and the phenotype
was fully expressed (AHO � hormone resistance � pseu-
dohypoparathyroidism). The remaining 8% were pater-
nally inherited, and the phenotype was only partially ex-
pressed (AHO alone).

Subsequently, mutations of the Gs protein have been
observed in patients with AHO, but in contrast to MAS
patients these mutations cause deficient expression of the
various alternatively spliced isoforms of the Gs protein
(34). The gene for Gs protein, which has been isolated on
20q13.11, shows alternative splicing. Several of the iso-
types are imprinted.

VI. CYTOPLASMIC INHERITANCE

It is well known that mitochondria (and consequently mi-
tochondrial-associated diseases) are maternally inherited.
Some of these mitochondrial mutations lead to endocrine
disorders such as Pearson syndrome. However, other cy-
toplasmic structures, such as the cell wall, nuclear mem-
brane, and endoplasmic reticulum, receive their template
for protein folding from the oocyte. Thus, there are likely

to be a variety of other diseases that will be influenced
by maternal factors.

VII. SUMMARY

It is clear that nontraditional mechanisms of inheritance
may be playing a major role in a number of endocrine
disorders, and it is important to look for parent of origin
effects in all disorders. This will allow better understand-
ing of some of the genetic mechanisms causing disease,
which could lead to better diagnosis, therapy, and coun-
seling of patients and their families.
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I. INTRODUCTION

Maintenance of the tonicity of extracellular fluids within
a very narrow range is crucial for proper cell function
(1, 2). Extracellular osmolality regulates cell shape, as
well as intracellular concentrations of ions and other
osmolytes. Furthermore, proper extracellular ionic con-
centrations are necessary for the correct function of ion
channels, action potentials, and other modes of intercel-
lular communication. Extracellular fluid tonicity is reg-
ulated almost exclusively by the amount of water intake
and excretion, whereas extracellular volume is regulated
by the level of sodium chloride intake and excretion. In
children and adults, normal blood tonicity is maintained
over a 10-fold variation in water intake by a coordinated
interaction among the thirst, vasopressin, and renal sys-
tems. Dysfunction in any of these systems can result in
abnormal regulation of blood osmolality, which, if not
properly recognized and treated, may cause life-threat-
ening dysfunction in neuronal and other cellular activi-
ties.

The posterior pituitary, or neurohypophysis, secretes
the nonapeptide hormone vasopressin, which controls wa-
ter homeostasis by its interaction with the renal V2 va-
sopressin receptor. This receptor regulates the activity of
the water channel, aquaporin-2, in the distal nephron,
which controls the reabsorption of water from the urine.
Disorders of vasopressin secretion and its action in the
kidney lead to clinically important derangements in water
metabolism.

II. REGULATION OF THIRST AND
FLUID BALANCE

A. Osmotic Sensor and Effector Pathways

1. Vasopressin and Oxytocin Biochemistry

The sequence and synthesis of biologically active 9-
amino-acid-long vasopressin peptide was performed by du
Vigneaud and colleagues during the mid 1950s (3). Va-
sopressin was found to be closely related to oxytocin, dif-
fering by only two amino acids. By replacement of L-
arginine with D-arginine at position 8 of the vasopressin
molecule, and amino-terminal deamidation, an analog
with enhanced, prolonged antidiuretic to pressor activity
ratio was found (desamino-D-arginine vasopressin [d-
DAVP]) (4). dDAVP is now routinely used in clinical
practice.

Vasopressin is initially synthesized as part of a larger
precursor protein that also contains neurophysin. After
biosynthesis, vasopressin and neurophysin are cleaved,
but remain associated within the cell prior to their secre-
tion into the bloodstream. The function of neurophysin is
not clear, but may include stabilization of vasopressin
against degradation during intracellular storage, and its
more efficient packaging of posttranslational processing
by the proenzyme convertases within secretory granules.

In all mammalian species thus far analyzed the oxy-
tocin and vasopressin genes are adjacent in chromosomal
location [chromosome 20 in the human (5)] and linked
tail to tail, in opposite transcriptional orientation. In the
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Figure 1 Relationship between serum and urine osmolali-
ties during a water deprivation test. With water deprivation,
serum osmolality rises above the threshold for vasopressin
secretion, causing antidiuresis and concentration of the urine.
In normal persons, when serum osmolality exceeds 300
mOsm/kg H2O, urine osmolality exceeds 600 mOsm/kg H2O
(solid thick and thin lines, mean and 95% confidence inter-
vals for normal children). In patients with diabetes insipidus
(dashed line), urine osmolality does not exceed 200–300
mOsm/kg H2O, even with marked serum hyperosmolality. In
patients with primary polydipsia (dotted line), urine osmo-
lality may not exceed 600 mOsm/kg H2O, due to partial
nephrogenic diabetes insipidus caused by dilution of the os-
motic gradient in the renal interstitium (see text). Solid ar-
rowheads denote the thresholds for vasopressin (VP) release
and thirst sensation.

human, they are separated by 12 kilobases (5). This likely
explains their origin from the ancient duplication of a
common ancestral gene (6). Whether this adjacent linkage
is of regulatory significance is under investigation.

Expression of the vasopressin and oxytocin genes oc-
curs in the hypothalamic, paraventricular, and supraoptic
nuclei (7, 8). The magnocellular components of each of
these nuclei are the primary neuronal populations in-
volved in water balance, with vasopressin synthesized in
these areas carried via axonal transport to the posterior
pituitary, its primary site of storage and release into the
systemic circulation. The bilaterally paired hypothalamic
paraventricular and supraoptic nuclei are separated from
each other by relatively large distances (approximately 1
cm). Their axons course caudally, converge at the infun-
dibulum, and terminate at different levels within the pi-
tuitary stalk and posterior pituitary gland. Vasopressin is
also synthesized in the parvocellular neurons of the par-
aventricular nucleus, where it has a role in modulation of
hypothalamic–pituitary–adrenal axis activity. In this site,
vasopressin is colocalized in cells that synthesize corti-
cotropin-releasing hormone (9, 10), which are both se-
creted at the median eminence and carried via the portal–
hypophyseal capillary system to the anterior pituitary,
where together they act as the major regulators of adren-
ocorticotropin synthesis and release (11). Vasopressin is
also present in the hypothalamic suprachiasmatic nucleus,
the circadian pacemaker of the body, where its function
is unknown.

2. Regulation of Vasopressin Secretion
and Thirst

a. Osmotic Regulation. The rate of secretion of
vasopressin from the paraventricular and supraoptic nuclei
is influenced by several physiological variables, including
plasma osmolality and intravascular volume, as well as
nausea and a number of pharmacological agents. The ma-
jor osmotically active constituents of blood are sodium,
chloride, and glucose (with insulin deficiency). Normal
blood osmolality ranges between 280 and 290 mOsm/kg
H2O.

The work of Verney (12) first demonstrated the re-
lationship of increased vasopressin release in response to
increasing plasma osmolality, as altered by infusion of
sodium chloride or sucrose. At that time, it was postulated
that intracranial sensors are sensitive to changes in plasma
osmolality. Multiple researchers have subsequently con-
firmed that plasma vasopressin concentration rises in re-
sponse to increasing plasma tonicity, although the exact
nature of the osmosensor had not been defined (13, 14).
Neurons of the supraoptic nucleus can respond directly to
hypertonic stimuli with depolarization and vasopressin se-
cretion (15), but the majority of evidence indicates that
osmosensor and vasopressin-secreting neurons are ana-
tomically distinct (16, 17). The osmosensor is likely to
reside outside the blood–brain barrier as implicated by

differential vasopressin secretory response to similar
changes in plasma osmolality, depending upon whether
the change was induced by salt, sucrose, or urea (12, 18).
The organ vasculosum of the lamina terminalis (OVLT)
and the subfornical organ (SFO), areas of the preoptic
hypothalamus outside the blood–brain barrier, are likely
sites of osmosensing because lesions of the OVLT result
in impaired AVP secretion and hypernatremia (16, 17).
Also, the site of action of angiotensin II infused intrace-
rebrally or peripherally to produce vasopressin secretion
and antidiuresis resides within the OVLT (19–21).

The pattern of secretion of vasopressin into blood has
been characterized extensively in normal individuals and
those with abnormalities in water homeostasis. Normally,
at a serum osmolality of less than 280 mOsm/kg, plasma
vasopressin concentration is at or below 1 pg/ml, which
is the lower limit of detection of most radioimmunoassays
(13, 14). Above 283 mOsm/kg, the normal threshold for
vasopressin release, plasma vasopressin concentration
rises in proportion to plasma osmolality, up to a maximum
concentration of about 20 pg/ml at a blood osmolality of
approximately 320 mOsm/kg (Fig. 1). The osmosensor
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Figure 2 Regulation of vasopressin secretion and serum os-
molality. Hyperosmolality, hypovolemia, or hypotension is
sensed by osmosensors, volume sensors, or barosensors, re-
spectively. These stimulate both vasopressin (VP) secretion
as well as thirst. Vasopressin, acting on the kidney, causes
increased reabsorption of water (antidiuresis). Thirst causes
increased water ingestion. The results of these dual negative
feedback loops cause a reduction in hyperosmolality or hy-
potension/hypovolemia. (From Muglia L, Majzoub J. Disor-
ders of the posterior pituitary. In: Sperling M, ed. Pediatric
Endocrinology, 2d ed. Philadelphia: Saunders, 2002:289–
322.)

can detect as little as a 1% change in blood osmolality.
Plasma concentrations in excess of 5 pg/ml are also found
with nausea, hypotension, hypovolemia, and insulin-in-
duced hypoglycemia, but further increments in urine con-
centration do not occur since peak antidiuretic effect is
achieved at 5 pg/ml. The rate of rise of plasma vasopressin
concentration, and thus the sensitivity of the osmosensor,
exhibits substantial (as much as 10-fold) interindividual
variation as plasma osmolality increases (22). The set
point for vasopressin secretion varies in a single individ-
ual in relation to changes in volume status and hormonal
environment [e.g., pregnancy (23) or glucocorticoid status
(24, 25)]. After the seventh week of gestation, osmotic
thresholds for both vasopressin release and thirst are re-
duced by approximately 10 mOsm/kg, such that normal
blood osmolality during pregnancy is approximately 273
mOsm/kg (serum sodium 135 mEq/L) (23, 26).

The sensation of thirst, a more integrated cortical ac-
tivity, is determined by other anatomically distinct hypo-
thalamic neurons, with afferents involving the ventrome-
dial nucleus (27). The activation of the thirst mechanism
is also probably mediated by angiotensin II (28). Whether
the osmosensor for thirst and vasopressin release is the
same is not certain, although this is suggested by lesions
in the anteroventral region of the third ventricle that abol-
ish both thirst sensation and vasopressin release (29). It
makes physiological sense that the threshold for thirst
(�293 mOsm/kg) is approximately 10 mOsm/kg higher
than that for vasopressin release (Fig. 1). Otherwise, dur-
ing the development of hyperosmolality, the initial acti-
vation of thirst and water ingestion would result in poly-
uria without activation of vasopressin release, causing a
persistent diuretic state. Immediately following water in-
gestion, prior to a change in blood osmolality or volume,
vasopressin concentration falls and thirst ceases (30). The
degree of suppression is directly related to the coldness
(31) and volume (32) of the ingested fluid. This effect is
probably mediated by chemoreceptors present in the
oropharynx, which guard against the rapid overdrinking
of fluids after intense thirst during the time before the
lowering of blood osmolality.

As noted above, water balance is regulated in two
ways: vasopressin secretion stimulates water reabsorption
by the kidney, thereby reducing future water loss; and
thirst stimulates water ingestion, thereby restoring previ-
ous water loss. Ideally, these two systems work in parallel
to regulate extracellular fluid tonicity efficiently (Fig. 2).
However, each system by itself can maintain plasma os-
molality in the near-normal range. For example, in the
absence of vasopressin secretion but with free access to
water, thirst drives water ingestion up to the 5–10 l/m2

urine output seen with vasopressin deficiency. Conversely,
an intact vasopressin secretory system can compensate for
some degree of disordered thirst regulation. However,
when both vasopressin secretion and thirst are compro-
mised, either by disease or iatrogenic means, there is great

risk for the occurrence of life-threatening abnormalities in
plasma osmolality.

b. Nonosmotic Regulation. Separate from osmotic
regulation, vasopressin has been shown to be secreted in
response to alterations in intravascular volume. Afferent
baroreceptor pathways arising from the right and left atria,
and the aortic arch (carotid sinus) are stimulated by in-
creasing intravascular volume and stretch of vessel walls,
and they send signals via the vagus and glossopharyn-
geal nerves, respectively, to the brainstem nucleus trac-
tus solitarius (33, 34). Nonadrenergic fibers from the nu-
cleus tractus solitarius synapse upon the hypothalamic
paraventricular nucleus and supraoptic nucleus and, on
stimulation, inhibit vasopressin secretion (35, 36). Ex-
perimental verification of this pathway has included
demonstration of increased vasopressin concentration fol-
lowing interruption of baroreceptor output to the brain-
stem, and decreased plasma vasopressin concentration fol-
lowing mechanical stimulation of baroreceptors, an effect
that is diminished by vagotomy (37, 38).

The pattern of vasopressin secretion in response to
volume as opposed to osmotic stimuli is markedly differ-
ent (Fig. 3). Although minor changes in plasma osmolality
above 280 mOsm/kg evoke linear increases in plasma va-
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Figure 3 Relationships between osmotic and nonosmotic
stimuli for vasopressin release. Reaction of plasma vasopres-
sin (AVP) concentration to the percentage increase in blood
osmolality (open circles) or decrease in blood volume (closed
circles). (Reproduced with permission from Dunn FL, Bren-
nan TJ, Nelson AE, et al. The role of blood osmolality and
volume regulating vasopressin secretion in the rat. J Clin
Invest 1973; 52:3212.

sopressin, substantial alteration in intravascular volume is
required for alteration in vasopressin output (39–41). No
change in vasopressin secretion is seen until blood volume
decreases by approximately 8%. With intravascular vol-
ume deficits exceeding 8%, vasopressin concentration
rises exponentially. Furthermore, osmotic and hemody-
namic stimuli can interact in a mutually synergistic fash-
ion, so that the response to either stimulus may be en-
hanced by the concomitant presence of the other. When
blood volume [or blood pressure (42–44)] decreases by
approximately 25%, vasopressin concentrations 20–30-
fold above normal and vastly exceeding those required for
maximal antidiuresis are evident. It is surprising that the
use of vasopressin antagonists has suggested that the high
concentration of vasopressin observed with hypotension
does not contribute to the maintenance of blood pressure
in humans (45).

Nausea, as evoked by apomorphine (46), motion sick-
ness (47), and vasovagal reactions, is a very potent stim-

ulus for vasopressin secretion. This effect is likely medi-
ated by afferents from the area postrema of the brainstem,
and may result in vasopressin concentrations two to three
orders of magnitude above basal levels. Nicotine is also
a strong stimulus for vasopressin release (48). These path-
ways probably do not involve osmotic or hemodynamic
sensor systems, since blockade of the emetic stimulus with
dopamine or opioid antagonists does not alter the vaso-
pressin response to hypernatremia or hypovolemia.

Vasopressin secretion is inhibited by glucocorticoids;
because of this, the loss of negative regulation of vaso-
pressin secretion occurs in the setting of primary or sec-
ondary glucocorticoid insufficiency (49, 50). The effects
of cortisol loss both enhancing hypothalamic vasopressin
production and directly impairing free water excretion
(51) are important considerations in the evaluation of the
patient with hyponatremia, as is subsequently discussed.

3. Vasopressin Metabolism
Once in the circulation, vasopressin has a half-life of only
5–10 min, due to its rapid degradation by a cysteine
amino terminal peptidase, called vasopressinase. A syn-
thetic analog of vasopressin, dDAVP (desmopressin), is
insensitive to amino terminal degradation, and thus has a
much longer half-life: 8–24 h. During pregnancy, the pla-
centa secretes increased amounts of this vasopressinase
(52), resulting in a fourfold increase in the metabolic
clearance rate of vasopressin (53). Normal women com-
pensate with an increase in vasopressin secretion, but
women with pre-existing deficits in vasopressin secretion
or action (54), or those with increased concentrations of
placental vasopressinase associated with liver dysfunction
(55) or multiple gestations (56), may develop diabetes in-
sipidus in the last trimester, which resolves in the imme-
diate postpartum period (57). As expected, this form of
diabetes insipidus responds to treatment with dDAVP but
not with vasopressin (58, 59).

4. Sites of Vasopressin Action

a. Vasopressin Receptors. Vasopressin released
from the posterior pituitary and median eminence affects
the function of several tissue types by binding to members
of a family of G protein-coupled cell surface receptors,
which subsequently transduce ligand binding into altera-
tions of intracellular second-messenger pathways (60). Bi-
ochemical and cell biological studies have defined at least
three receptor types, designated V1, V2, and V3 (or V1b).
The major sites of V1 receptor expression are on vascular
smooth muscle (61) and hepatocytes (62–65), where re-
ceptor activation results in vasoconstriction (66, 67) and
glycogenolysis (68), respectively. The latter activity may
be augmented by stimulation of glucagon secretion from
the pancreas (68). The V1 receptor on platelets also stim-
ulates platelet aggregation (69). V1 receptor activation
mobilizes intracellular calcium stores through phosphati-
dylinositol hydrolysis (66, 70). Despite its initial charac-
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Figure 4 Action of vasopressin in the collecting duct cell.
Vasopressin (AVP) binds to the V2 receptor (V2R), causing
the binding of GTP to the stimulatory alpha G protein subunit
(�). This activates adenylate cyclase (AC), resulting in an
increase in cAMP and activation of protein kinase A (PKA).
The catalytic subunit of PKA, via phosphorylation of serine
256 of the water channel, aquaporin-2 (AQP2), causes ag-
gregation of AQP2 homotetramers in membrane vesicles and
their fusion with the collecting duct luminal membrane, re-
sulting in an increase in water flow from the urine into the
renal medullary interstitium. Demeclocycline, lithium, high
calcium, and low potassium interfere with these processes,
possibly at the level of cAMP generation and AQP2 synthesis
or action. (From Majzoub, J. Primary disturbances of water
homeostasis. In: Rudolf CD et al., ed. Rudolf’s Pediatrics,
21st ed. New York: McGraw-Hill, 2002:2025–2028.)

terization as a powerful pressor agent, the concentration
of vasopressin needed to increase blood pressure signifi-
cantly is several times higher than that required for max-
imal antidiuresis (71), although substantial vasoconstric-
tion in renal and splanchnic vasculature can occur at
physiological concentrations (72). The recent cloning of
the V1 receptor (61–63) has greatly elucidated the rela-
tionship of the vasopressin [and oxytocin (73, 74)] recep-
tors and, through sensitive in situ hybridization analysis,
has further localized V1 expression to the liver and vas-
culature of the renal medulla, as well as to many sites
within the brain, including the hippocampus, amygdala,
hypothalamus, and brainstem (64, 65). The V3 (or V1b)
receptor is present on corticotrophs in the anterior pitui-
tary (75), and acts through the phosphatidylinositol path-
way (76) to increase ACTH secretion. Its binding profile
for vasopressin analogs resembles more closely that of the
V1 than the V2 receptor. The structure of this receptor has
recently been determined in human via cloning of its com-
plementary DNA (76, 77). Its structure is similar to that
of the V1 and oxytocin receptors and is expressed in the
kidney as well as in the pituitary.

Modulation of water balance occurs through the ac-
tion of vasopressin upon V2 receptors located primarily
in the renal collecting tubule, along with other sites in the
kidney including the thick ascending limb of Henle’s loop
and periglomerular tubules (64, 65, 78). It is also present
on vascular endothelial cells in some systemic vascular
beds, where vasopressin stimulates vasodilation (79), pos-
sibly via activation of nitric oxide synthase (80). Vaso-
pressin also stimulates von Willebrand’s factor, factor
VIIIa, and tissue plasminogen activator via V2-mediated
actions. Because of this, dDAVP is used to improve the
prolonged bleeding times characteristic of uremia, type I
von Willebrand’s disease, and hemophilia (81). The V2
receptor consists of 370 amino acids encoding seven
transmembrane domains characteristic of the G protein-
coupled receptors (78, 82). These transmembrane domains
share approximately 60% sequence identity with the V1
receptor, but substantially less with other members of this
family. Unlike the V1 and V3 receptors, the V2 receptor
acts through adenylate cyclase to increase intracellular
cAMP concentration. The human V2 receptor gene is lo-
cated on the long arm of the X chromosome (Xq28) (83,
84), at the locus associated with congenital, X-linked va-
sopressin-resistant diabetes insipidus.

b. Renal Cascade of Vasopressin Function.
Vasopressin-induced increases in intracellular cAMP as
mediated by the V2 receptor trigger a complex pathway
of events, resulting in increased permeability of the col-
lecting duct to water and efficient water transit across an
otherwise minimally permeable epithelium (85) (Fig. 4).
Activation of a cAMP-dependent protein kinase imparts
remodeling of cytoskeletal microtubules and microfila-
ments that culminate in the insertion of aggregates of wa-
ter channels into the apical membrane (86). Insertion of

the water channels causes an up to 100-fold increase in
water permeability of the apical membrane, allowing wa-
ter movement along its osmotic gradient into the hyper-
tonic inner medullary interstitium from the tubule lumen
and excretion of a concentrated urine (Fig. 4). Molecular
analysis of water channels has revealed a family of related
proteins, designated aquaporins, which differ in their sites
of expression and pattern of regulation (87). Each protein
consists of a single polypeptide chain with six membrane-
spanning domains. Although functional as monomers,
they are believed to form homotetramers in the plasma
membrane (85). Aquaporin-2 is expressed mostly within
the kidney (88), primarily within the collecting duct (89).
It is also expressed in the vas deferens, at least in the rat,
although it is not regulated by vasopressin in this location
(90). Studies with immunoelectron microscopy have dem-
onstrated large amounts of aquaporin-2 in the apical
plasma membrane and subapical vesicles of the collecting
duct, consistent with the so-called membrane-shuttling
model of water channel aggregate insertion into the apical
membrane after vasopressin stimulation (91). In response
to water restriction or dDAVP infusion in humans, the
content of urinary aquaporin-2 in both soluble and mem-
brane-bound forms has been found to increase (92). In
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addition to aquaporin-2, different aquaporins appear to be
involved in other aspects of renal water handling. In con-
trast to the apical localization of aquaporin-2, aquaporins
3 and 4 are expressed on the basolateral membrane of the
collecting duct epithelium. They appear to be involved in
the flow of water and urea from the inside of the collect-
ing duct cell into the extracellular renal medullary space.

B. Volume Sensor and Effector Pathways

1. Renin–Angiotensin–Aldosterone System
In contrast to the vasopressin system, the classic, or pe-
ripheral, renin–angiotensin system primarily affects main-
tenance of intravascular volume as opposed to plasma to-
nicity. In addition to the well-established endocrine
regulatory system, several local renin–angiotensin sys-
tems have emerged, with both autocrine and paracrine ef-
fects in their tissue of synthesis, whose regulation is in-
dependent of the classic system. Finally, brain and
pituitary angiotensin systems involved in blood pressure,
autonomic function, and fluid balance have recently been
characterized with extensive interaction with the vaso-
pressin system.

a. Endocrine Anatomy and Biochemistry. Renin,
which is synthesized by the renal juxtaglomerular appa-
ratus, is a proteolytic enzyme that catalyzes the cleavage
of angiotensinogen, synthesized by hepatocytes, into the
decapeptide angiotensin (93, 94). Angiotensin I possesses
no intrinsic vasoreactive or mineralocorticoid secreta-
gogue activity, but is efficiently cleaved by angiotensin-
converting enzyme in the lungs, as well as other periph-
eral sites, to generate the octapeptide angiotensin II.
Angiotensin II is further metabolized to the heptapeptide
angiotensin III by removal of one amino-terminal amino
acid. Angiotensin II possesses greater vasopressor activity,
and is present in approximately fourfold greater amount
than angiotensin III. Angiotensins II and III possess equiv-
alent mineralocorticoid secretory activity on the adrenal
glomerulosa cells.

Aldosterone, which is the primary and most potent
endogenous mineralocorticoid released by the zona glo-
merulosa, acts on target tissues expressing the nuclear
mineralocorticoid (or type I glucocorticoid) receptor to
promote sodium absorption and potassium excretion. For
control of intravascular volume, the primary target of ac-
tion of aldosterone is the distal nephron. Here, aldosterone
increases synthesis of apical membrane sodium channels,
mitochondrial enzymes involved in ATP production, and
components of the Na�-K� ATPase to cause increased so-
dium reabsorption and potassium excretion (95).

b. Regulation of Secretion. Decreased intravascu-
lar volume as sensed by the renal juxtaglomerular appa-
ratus results in release of renin (93, 96). Increased plasma
renin activity then allows increased conversion of angi-
otensinogen to angiotensin I, which in turn is converted
peripherally to angiotensins II and III. Increased angio-

tensin II activity causes vasoconstriction and blood pres-
sure elevation, whereas both angiotensins II and III stim-
ulate aldosterone release from the zona glomerulosa and
subsequent salt and water retention and potassium, excre-
tion by the distal tubule of the kidney. Expanded intra-
vascular volume, on the other hand, causes decreased
renin output and less sodium and water resorption in the
kidney, serving to decrease intravascular volume and re-
store homeostasis.

Changes in vascular volume are not the only regula-
tors of the renin–angiotensin–aldosterone system. Serum
potassium concentration directly modulates aldosterone
release by the adrenal glomerulosa by its effects on
plasma membrane potential and activation of voltage-
gated calcium channels (94, 97). By membrane depolari-
zation, increased serum potassium leads to increased al-
dosterone synthesis, which promotes renal potassium
excretion, whereas low serum potassium reduces aldo-
sterone synthesis and decreases urinary potassium losses.
Pituitary adrenocorticotropin hormone and vasopressin act
via their respective receptors on the glomerulosa cells to
increase acute aldosterone secretion. These effects are of
short duration because long-term chronic infusions do not
chronically elevate aldosterone concentrations. Direct in-
hibitors of aldosterone secretion, and thus promoters of
natriuresis, include atrial natriuretic peptide (98, 99), so-
matostatin (100–102), and dopamine (103, 104).

2. The Natriuretic Peptide System
In addition to the classic vasopressin and renin–angioten-
sin–aldosterone systems, the recently defined natriuretic
peptide families of ligands and their receptors add further
potential for modulation of salt and water balance. The
interaction of the natriuretic peptide system occurs both
in the central nervous system via effects on vasopressin
secretion and peripherally, through its ability both to pro-
mote natriuresis directly in the kidney, and inhibit adrenal
aldosterone production indirectly.

a. Anatomy and Biochemistry. Atrial natriuretic
peptide (ANP) was initially discovered as a component of
cardiac atrial muscle that was able to induce natriuresis,
a decrease in blood pressure, and rise in hematocrit when
injected into rats (105, 106).

The biologically active form of ANP consists of a 28
amino acid peptide that includes a 17 amino acid ring
structure (107). The primary sequence of the peptide has
been conserved among mammalian species, and in addi-
tion to synthesis in cardiac atrial tissue (108) it has been
detected in brain, spinal cord, pituitary, and adrenal gland
(109–112).

Subsequent investigation defined a second peptide
from porcine brain with structural homology to ANP
(113). This peptide, designated brain natriuretic peptide
(BNP), was later found to be secreted by the heart as well,
in this case from both ventricular and atrial tissue (114–
116).
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A third member of this family, C-type natriuretic pep-
tide (CNP), was also isolated from porcine brain (117).
Little CNP can be detected in plasma, and in marked con-
trast to ANP and BNP, CNP does not increase in plasma
in the setting of cardiac failure (118, 119).

b. Regulation of Secretion and Action. Secretion
of ANP by cardiac tissue occurs in response to increasing
atrial transmural pressure, from both left and right atria
(118, 120). Also, increased heart rate, especially increased
atrial contractile frequency, results in increased ANP se-
cretion. Ventricular production of ANP has also been dem-
onstrated; it is increased in states of left sided overload
associated with ventricular hypertrophy (116).

The physiological ramifications of increased ANP
production are several. Infusion of ANP in the setting of
normovolemia causes natriuresis, diuresis, and a small in-
crease in divalent cation excretion (118, 119, 121). ANP,
through the NPR-A receptor, primarily inhibits sodium
reabsorption within the renal inner medullary collecting
duct, but also opposes the salt-retaining effects of angio-
tensin II at the level of the proximal tubule (121). ANP
similarly inhibits the actions of vasopressin and aldoster-
one in the renal tubules (122–124).

ANP modulates mineralocorticoid production in a
manner that results in the reduction of intravascular vol-
ume of pressure. Although direct reduction in plasma
renin activity has been described with ANP infusion (125,
126), the most dramatic response to ANP occurs at the
level of the adrenal glomerulosa cell. ANP inhibits aldo-
sterone production by inhibiting action of most aldoste-
rone secretagogues, with the most pronounced reduction
being angiotensin II activity (119–121).

BNP synthesis and secretion from cardiac ventricular
tissue are augmented in congestive heart failure, and, as
for ANP, with hypertension, chronic renal, and chronic
liver failure (115, 118).

III. CENTRAL DIABETES INSIPIDUS

A. Causes

Central (hypothalamic, neurogenic, or vasopressin-sensi-
tive) diabetes insipidus can be caused by disorders of va-
sopressin gene structure; accidental or surgical trauma to
vasopressin neurons; congenital anatomical hypothalamic
or pituitary defects; neoplasms; infiltrative, autoimmune,
and infectious diseases affecting vasopressin neurons or
fiber tracts; and increased metabolism of vasopressin. In
approximately 10% of children with central diabetes in-
sipidus, the cause is not apparent (127, 128).

1. Genetics
Familial autosomal dominant central diabetes insipidus is
manifest within the first half of the first decade of life
(129). Vasopressin secretion, initially normal, gradually
declines until diabetes insipidus of variable severity en-

sues. Patients respond well to vasopressin replacement
therapy. The disease has a high degree of penetrance, but
may be of variable severity within a family (130) and may
spontaneously improve in middle age (130, 131). Vaso-
pressin-containing neurons are absent from the magno-
cellular paraventricular neurons (132) but are present in
parvocellular regions (133). Several different oligonucleo-
tide mutations in the vasopressin structural gene have
been found to cause the disease (www.medcon.mcgill.ca/
nephros/avp�npii.html). To date, there have been muta-
tions detected in 22 amino acids of the vasopressin gene,
including 15 missense, 5 nonsense, 1 deletion, and 1
frameshift mutations. Vasopressin deficiency is also found
in the syndrome consisting of diabetes insipidus, diabetes
mellitus, optic atrophy, and deafness (DIDMOAD) (134,
135). One (136), but not another (137), study has sug-
gested that a mitochondrial defect is responsible for the
disease. The gene for this syndrome complex, also known
as Wolfram syndrome, was localized to human chromo-
some 4p16 by polymorphic linkage analysis (138), and
has recently been isolated (139).

2. Trauma
The axons of vasopressin-containing magnocellular neu-
rons extend uninterrupted to the posterior pituitary over a
distance of approximately 10 mm. Trauma to the base of
the brain can cause swelling around or severance of these
axons, resulting in either transient or permanent diabetes
insipidus (140). Permanent diabetes insipidus can occur
after seemingly minor trauma. Approximately one-half of
patients with fractures of the sella turcica will develop
permanent diabetes insipidus (141), which may be delayed
as long as 1 month following the trauma, during which
time neurons of severed axons may undergo retrograde
degeneration (142).

Septic shock (143) and postpartum hemorrhage as-
sociated with pituitary infarction (Sheehan syndrome)
(144, 145) may involve the posterior pituitary with vary-
ing degrees of diabetes insipidus. Diabetes insipidus is
never associated with cranial irradiation of the hypotha-
lamic–pituitary region, although this treatment can cause
deficits in all of the hypothalamic releasing hormones car-
ried by the portal–hypophyseal system to the anterior pi-
tuitary (see Chapter 36). Because vasopressin is carried
directly to the posterior pituitary via magnocellular axonal
transport, radiation may affect hypothalamic releasing
hormone function by interruption of the portal–hypoph-
yseal circulation.

3. Neurosurgical Intervention
One of the most common causes of central diabetes in-
sipidus is the neurosurgical destruction of vasopressin
neurons following pituitary–hypothalamic surgery. It is
important to differentiate polyuria associated with the on-
set of acute postsurgical central diabetes insipidus from
polyuria due to the normal diuresis of fluids given during
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Figure 5 Diabetes insipidus following neurosurgery. Va-
sopressin neurons terminate at different levels of the posterior
pituitary. Depending on the level of neurosurgical damage
(dashed lines), different numbers of vasopressin neurons will
be permanently damaged. The three phases of the triple phase
response to neural damage, along with their causes and du-
ration, are noted in the box.

surgery. In both cases, the urine may be very dilute and
of high volume, exceeding 200 ml/m2/h. In the former
case, serum osmolality will be high; in the latter case it
will be normal. A careful examination of the intraopera-
tive record should also help to differentiate between these
two possibilities. Vasopressin axons traveling from the hy-
pothalamus to the posterior pituitary terminate at various
levels within the stalk and gland (Fig. 5). Since surgical
interruption of these axons can result in retrograde degen-
eration of hypothalamic neurons, lesions closer to the hy-
pothalamus will affect more neurons and cause greater
permanent loss of hormone secretion. Of special interest
is the triphasic pattern of vasopressin secretion, often, but
not always, seen following neurosurgical procedures in-
terfering with the supraoptic–hypophyseal tract (146).
Following surgery, an initial phase of transient diabetes
insipidus is observed lasting –2 days, and possibly due1

2

to edema in the area interfering with normal vasopressin
secretion (Fig. 5). If significant vasopressin cell destruc-
tion has occurred, this is often followed by a second phase
of SIADH, which may last up to 10 days, secondary to
release of prestored vasopressin from damaged neurons.
A third phase of permanent neurogenic diabetes insipidus
may follow if more than 90% of vasopressin cells are
destroyed. Usually a marked degree of SIADH in the sec-
ond phase portends significant permanent diabetes insi-
pidus in the final phase of this response. In patients with
coexisting vasopressin and cortisol deficits (e.g., in com-
bined anterior and posterior hypopituitarism following
neurosurgical treatment of craniopharyngioma), symptoms
of diabetes insipidus may be masked because cortisol de-
ficiency impairs renal free water clearance, as discussed
below. In such cases, institution of glucocorticoid therapy

alone may precipitate polyuria, leading to the diagnosis
of diabetes insipidus.

4. Congenital Anatomical Defects
Midline brain anatomical abnormalities such as septo-op-
tic dysplasia with agenesis of the corpus callosum (147),
the Kabuki syndrome (148), holoprosencephaly (149), and
familial pituitary hypoplasia with absent stalk (150) may
be associated with central diabetes insipidus. These pa-
tients need not have external evidence of craniofacial ab-
normalities (149). Central diabetes insipidus due to mid-
line brain abnormalities is often accompanied by defects
in thirst perception (147), suggesting that a common os-
mosensor may control both vasopressin release and thirst
perception. Some patients with suspected defects in os-
mosensor function but with intact vasopressin neurons
may have recumbent diabetes insipidus, with barorecep-
tor-mediated release of vasopressin while upright and va-
sopressin-deficient polyuria while supine (151).

5. Neoplasms
Several important clinical implications follow from
knowledge of the anatomy of the vasopressin system. Be-
cause hypothalamic vasopressin neurons are distributed
over a large area within the hypothalamus, tumors that
cause diabetes insipidus must be very large, or infiltrative,
or be strategically located at the point of convergence of
the hypothalamoneurohypophyseal axonal tract in the in-
fundibulum. Germinomas and pinealomas typically arise
near the base of the hypothalamus where vasopressin ax-
ons converge before their entry into the posterior pituitary.
For this reason they are among the most common primary
brain tumors associated with diabetes insipidus. Germi-
nomas causing the disease can be very small (152, 153)
and undetectable by magnetic resonance imaging (MRI)
for several years following the onset of polyuria (154).
For this reason, quantitative measurement of the � subunit
of human chorionic gonadotropin, often secreted by ger-
minomas and pinealomas, and regularly repeated MRI
scans should be performed in children with idiopathic or
unexplained diabetes insipidus. Empty sella syndrome,
possibly due to unrecognized pituitary infarction, can be
associated with diabetes insipidus in children (155). Cran-
iopharyngiomas and optic gliomas can also cause central
diabetes insipidus when very large, although this is more
often a postoperative complication of the treatment for
these tumors. Hematological malignancies can cause dia-
betes insipidus. In some cases, such as with acute mye-
locytic leukemia, the cause if infiltration of the pituitary
stalk and sell (156–158). However, more than 30 patients
with monosomy or deletion of chromosome 7 associated
with acute blast transformation of myelodysplastic syn-
drome presented with central diabetes insipidus (159–
162), without evidence of infiltration of the posterior pi-
tuitary by neoplastic cells, leaving the cause of the
diabetes insipidus unresolved.
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6. Infiltrative, Autoimmune, and
Infectious Diseases

Langerhans cell histiocytosis and lymphocytic hypophy-
sitis are the most common types of infiltrative disorders
causing central diabetes insipidus. Approximately 10% of
patients with histiocytosis will have diabetes insipidus.
These patients tend to have more serious, multisystem dis-
ease for longer periods of time than those without diabetes
insipidus (163, 164), and anterior pituitary deficits often
accompany posterior pituitary deficiency (165). MRI char-
acteristically shows thickening of the pituitary stalk (166).
One report suggests that in patients with Langerhans cell
histiocytosis, radiation treatment to the pituitary region
within 14 days of onset of symptoms of diabetes insipidus
may result in return of vasopressin function in more than
one-third of affected patients (167).

Lymphocytic infundibuloneurohypophysitis may ac-
count for over one-half of patients with so-called idio-
pathic central diabetes insipidus (168). This entity may be
associated with other autoimmune diseases (169). Image
analysis discloses an enlarged pituitary and thickened
stalk (168, 170), and biopsy of the posterior pituitary re-
veals lymphocytic infiltration of the gland, stalk, and mag-
nocellular hypothalamic nuclei (171). A necrotizing form
of this entity has been described that also causes anterior
pituitary failure and responds to steroid treatment (172).
Diabetes insipidus can also be associated with pulmonary
granulomatous diseases (173) including sarcoidosis (174).
Whether antibody-mediated destruction of vasopressin
cells occurs is controversial. Over one-half of patients
with central diabetes insipidus of a nontraumatic cause
have antibodies directed against vasopressin-containing
cells (175), and patients with other autoimmune diseases
have such antibodies without evidence of diabetes insi-
pidus (176). Many patients with central diabetes insipidus
also have antivasopressin peptide antibodies, although
their appearance usually follows institution of vasopressin
treatment (177). It is very possible that antibodies directed
against vasopressin-containing cells or vasopressin are not
pathogenetic, but instead are markers of prior neuronal
cell destruction.

Infections involving the base of the brain, such as
meningococcal (178), cryptococcal, Listeria (179), and
toxoplasmosis (180) meningitis, congenital cytomegalo-
virus infection (181), and nonspecific inflammatory dis-
ease of the brain (182), can cause central diabetes in-
sipidus. The disease is often transient, suggesting that it
is due to inflammation rather than destruction of vaso-
pressin-containing neurons.

7. Brain Death
Central diabetes insipidus can appear in the setting of hy-
poxic brain death (183). Although its presence has been
suggested as a marker for brain death in children (184),
in some studies only a minority of patients with brain
death manifest the disorder (185), and up to 15% of

patients with cerebral insults and diabetes insipidus ulti-
mately recover brain function (186). Polyuria in the set-
ting of brain death can be accompanied by high concen-
trations of plasma vasopressin (187), suggesting that some
cases mistaken for diabetes insipidus are actually due to
other causes, such as cerebral salt wasting with polyuria,
as discussed subsequently.

8. Increased Metabolism of Vasopressin
The metabolic clearance rate of vasopressin increases
fourfold during pregnancy due to the elaboration of a va-
sopressinase by the placenta (53). If the mother cannot
respond with a concomitant increase in vasopressin action
because of pre-existing subclinical central or nephrogenic
diabetes insipidus (54), overt, transient disease will ap-
pear, usually early in the third trimester and resolve within
1 week of delivery (57, 188). Even without prior defects
in vasopressin function, an extreme elevation in vaso-
pressinase concentrations in primigravidas with pre-
eclampsia, liver dysfunction, or multiple gestation (55, 56,
189–191) may result in development of the syndrome.

9. Drugs
The most common agent associated with inhibition of va-
sopressin release and impaired urine concentrating ability
is ethanol (192). Since inhibition of vasopressin release
by ethanol can be overcome in the setting of concurrent
hypovolemia, clinically important diabetes insipidus due
to ethanol ingestion is uncommon (193). Phenytoin, opiate
antagonists, halothane, and �-adrenergic agents have also
been associated with impaired vasopressin release (194,
195).

B. Diagnostic Approach and
Differential Diagnosis

The salient features of neurogenic diabetes insipidus are
polyuria and polydipsia. In children, it must first be de-
termined whether pathological polyuria or polydipsia (ex-
ceeding 2 l/m2/day) is present, by asking the following
questions: Is there a psychosocial reason for either poly-
uria or polydipsia? Can either be quantitated? Has either
polyuria or polydipsia interfered with normal activities?
Is nocturia or enuresis present? If so, does the patient also
drink following nocturnal awakening? Does the history
(including longitudinal growth data) or physical exami-
nation suggest other deficient or excessive endocrine se-
cretion or an intracranial neoplasm? If pathological poly-
uria or polydipsia is present, the following should be
obtained in the outpatient setting: serum osmolality; se-
rum concentrations of sodium, potassium, glucose, cal-
cium, and blood urea nitrogen (BUN); and urinalysis, in-
cluding measurement of urine osmolality, specific gravity,
and glucose concentration. A serum osmolality greater
than 300 mOsm/kg, with urine osmolality less than 300
mOsm/kg, establishes the diagnosis of diabetes insipidus.
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If serum osmolality is less than 270 mOsm/kg, or urine
osmolality is greater than 600 mOsm/kg, the diagnosis of
diabetes insipidus is unlikely. If, on initial screening, the
patient has a serum osmolality less than 300 mOsm/kg,
but the intake/output record at home suggests significant
polyuria and polydipsia that cannot be attributed to pri-
mary polydipsia (i.e., the serum osmolality is greater than
270 mOsm/kg), the patient should undergo a water dep-
rivation test to establish a diagnosis of diabetes insipidus
and to differentiate central from nephrogenic causes.

After a maximally tolerated overnight fast (based on
the outpatient history), the child is admitted to the out-
patient testing center in the early morning of a day when
an 8–10 h test can be carried out and is deprived of water
(196, 197). The physical signs and biochemical param-
eters shown in Figure 6 are measured. If, at any time
during the test, the urine osmolality exceeds 1000 mOsm/
kg, or 600 mOsm/kg and is stable over 1 h, the patient
does not have diabetes insipidus. If, at any time, the serum
osmolality exceeds 300 mOsm/kg and the urine osmolal-
ity is less than 600 mOsm/kg, the patient has diabetes
insipidus. If the serum osmolality is less than 300 mOsm/
kg and the urine osmolality is less than 600 mOsm/kg,
the test should be continued unless vital signs disclose
hypovolemia. A common error is to stop a test too soon,
based on the amount of body weight lost, before either
urine osmolality has plateaued above 600 mOsm/kg or a
serum osmolality above 300 mOsm/kg has been achieved.
Unless the serum osmolality rises above the threshold for
vasopressin release, a lack of vasopressin action (as in-
ferred by a nonconcentrated urine) cannot be deemed
pathological. If the diagnosis of diabetes insipidus is
made, aqueous vasopressin (Pitressin, 1 U/m2), should be
given subcutaneously. If the patient has central diabetes
insipidus, urine volume should fall and osmolality should
at least double during the next hour, compared with the
value prior to vasopressin therapy. If there is less than a
twofold rise in urine osmolality following vasopressin ad-
ministration, the patient probably has nephrogenic diabe-
tes insipidus. dDAVP should not be used for this test,
since it has been associated with water intoxication in
small children in this setting (198). Patients with long-
standing primary polydipsia may have mild nephrogenic
diabetes insipidus because of dilution of their renal med-
ullary interstitium. This should not be confused with pri-
mary nephrogenic diabetes insipidus, since patients with
primary polydipsia should have a tendency towards hy-
ponatremia, rather than hypernatremia, in the basal state.
Patients with a family history of X-linked nephrogenic
diabetes insipidus can be evaluated for the disorder in the
prenatal or perinatal period by DNA sequence analysis, as
will be discussed, allowing therapy to be initiated without
delay (199).

The water deprivation test should be sufficient in
most patients to establish the diagnosis of diabetes in-
sipidus, and to differentiate central from nephrogenic

causes. Plasma vasopressin concentration may be obtained
during the procedure (Fig. 6), although it is rarely needed
for diagnostic purposes in children (200). It is particularly
helpful in differentiating between partial central and neph-
rogenic diabetes insipidus, in that it is low in the former
and high in the latter situation (201). If urine osmolality
concentrates normally, but only after serum osmolality is
well above 300 mOsm/kg, the patient may have an altered
threshold for vasopressin release, also termed a reset os-
mostat. This may occur following head trauma, neurosur-
gery, or with brain tumors (202). Magnetic resonance im-
aging is not very helpful in differentiating central from
nephrogenic diabetes insipidus (203). Normally, the pos-
terior pituitary is seen as an area of enhanced brightness
in T1-weighted images following administration of gad-
olinium (204). The posterior pituitary bright spot is di-
minished or absent in both forms of diabetes insipidus,
presumably because of decreased vasopressin synthesis in
central, and increased vasopressin release in nephrogenic,
disease (204–206). In primary polydypsia, the bright spot
is normal, probably because vasopressin accumulates in
the posterior pituitary during chronic water ingestion
(204), whereas it is decreased in the syndrome of inap-
propriate antidiuretic hormone (SIADH), presumably be-
cause of increased vasopressin secretion (203). Dynamic,
fast-frame, magnetic resonance image analysis has re-
cently allowed estimation of blood flow to the posterior
pituitary (207). With this technique, both central and
nephrogenic diabetes insipidus are associated with de-
layed enhancement in the area of the neurohypophysis
(208).

In the inpatient, postneurosurgical setting, central di-
abetes insipidus is likely if hyperosmolality (serum os-
molality >300 mOsm/kg) is associated with urine osmo-
lality less than serum osmolality. One must beware of
intraoperative fluid expansion with subsequent hypo-os-
molar polyuria masquerading as diabetes insipidus.

C. Treatment

1. Fluid Therapy
Patients with otherwise untreated diabetes insipidus crave
cold fluids, especially water. With complete central dia-
betes insipidus, maximum urine concentrating ability is
approximately 100 mOsm/kg. Since 5 l urine would be
required to excrete an average daily solute load of 500
mOsm/m2, fluid intake must match this to maintain normal
plasma tonicity. With an intact thirst mechanism and free
access to oral fluids, a person with complete diabetes in-
sipidus can maintain plasma osmolality and sodium in the
high normal range, although at great inconvenience. Fur-
thermore, longstanding intake of these volumes of fluid in
children can lead to hydroureter (209) and even hyper-
fluorosis in communities that provide fluoridated water
(210).

There are two situations in which central diabetes in-
sipidus is sometimes best treated solely with high levels
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Figure 6 Protocol for evaluation of diabetes insipidus using water deprivation. IV, intravenous; OSM, osmolality; S.G., urinary
specific gravity; SQ, subcutaneous. (From Muglia L, Majzoub J. Disorders of the posterior pituitary. In: Sperling, ed. Pediatric
Endocrinology, 2d ed. Philadelphia: Saunders, 2002:289–322.)
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of fluid intake, without vasopressin. Vasopressin therapy
coupled with excessive fluid intake (usually greater than
1 l/m2/day as discussed subsequently) can result in un-
wanted hyponatremia. Because neonates and young in-
fants receive all of their nutrition in liquid form, the oblig-
atory high oral fluid requirements for this age (3 l/m2/day)
combined with vasopressin treatment are likely to lead to
this dangerous complication (211). Such neonates are bet-
ter managed with fluid therapy alone. Although children
managed with such a regimen may be chronically thirsty,
parents may have difficulty keeping up with the volumi-
nous fluid intake and urine output, and poor growth may
occur if adequate calories are not provided along with
water (212). These problems are more easily addressed
than is life-threatening hyponatremia. In difficult cases,
thiazide and/or amiloride diuretics may be added to facil-
itate renal proximal tubular sodium and water reabsorp-
tion (213) and thereby decrease oral fluid requirements.
In older children, the use of short-acting agents such as
arginine vasopressin (Pitressin) or lysine vasopressin
(Diapid) will decrease fluid needs while minimizing the
possible occurrence of hyponatremia (see section below
on vasopressin and vasopressin analogs).

In the acute postoperative management of central di-
abetes insipidus occurring after neurosurgery in young
children, vasopressin therapy may be successfully em-
ployed (214, 215), but extreme caution must be exerted
with its use. While under the full antidiuretic effect of
vasopressin, a patient will have a urine osmolality of ap-
proximately 1000 mOsm/kg and become hyponatremic if
she or he receives an excessive amount of fluids, depend-
ing on the solute load and nonrenal water losses. With a
solute excretion of 500 mOsm/m2/day, normal renal func-
tion, and nonrenal fluid losses of 500 ml/m2/day, fluid in-
take greater than 1 l/m2/day will result in hyponatremia.
In addition, vasopressin therapy will mask the emergence
of the SIADH phase of the triple-phase neurohypophyseal
response to neurosurgical injury (as discussed above). For
these reasons, it is often best to manage acute postoper-
ative diabetes insipidus in young children with fluids
alone, avoiding the use of vasopressin (216). This method
consists of matching input and output hourly using be-
tween 1 and 3 l/m2/day (40–120 ml/m2/h). If intravenous
therapy is used, a basal 40 ml/m2/h should be given as
5% dextrose (D5) in one-fourth normal saline (normal sa-
line = 0.9% sodium chloride) and the remainder, depend-
ing on the urine output, as 5% dextrose in water. Potas-
sium chloride (40 mEq/l) may be added if oral intake is
to be delayed for several days. No additional fluid should
be administered for hourly urine volumes under 40 ml/
m2/h. For hourly urine volumes above 40 ml/m2/h, the
additional volume should be replaced with 5% dextrose
up to a total maximum of 120 ml/m2/h. For example, in
a child with a surface area of 1 m2 (approximately 30 kg),
the basal infusion rate would be 40 ml/h of 5% dextrose
in one-fourth normal saline. For an hourly urine output of

60 ml, an additional 20 ml/h 5% dextrose would be given,
for a total infusion rate of 60 ml/h. For urine out-
puts above 120 ml/h, the total infusion rate would be 120
ml/h. In the presence of diabetes insipidus, this will result
in a serum sodium level in the 150 mEq/l range and a
mildly volume contracted state, which will allow one to
assess both thirst sensation and the return of normal va-
sopressin function or the emergence of SIADH. Patients
may become mildly hyperglycemic with this regimen, par-
ticularly if they are also receiving postoperative gluco-
corticoids. However, because it does not use vasopressin
this fluid management protocol prevents any chance of
hyponatremia.

2. Vasopressin and Vasopressin Analogs
Intravenous therapy with synthetic aqueous vasopressin
(Pitressin) is useful in the management of central diabetes
insipidus of acute onset (214, 215). If continuous vaso-
pressin is administered, fluid intake must be limited to 1
l/m2/day (assuming normal solute intake and nonrenal wa-
ter losses as described). The potency of synthetic vaso-
pressin is still measured using a bioassay and is expressed
in bioactive units, with 1 milliunit (mU) equivalent to ap-
proximately 2.5 ng vasopressin. For intravenous vaso-
pressin therapy, 1.5 mU/kg/h results in a blood vasopres-
sin concentration of approximately 10 pg/ml (217), twice
that needed for full antidiuretic activity (218). Vasopres-
sin’s effect is maximal within 2 h of the start of infusion
(218), and one must beware of it sticking to intravenous
bottles and tubing. Occasionally following hypothalamic
(but not transsphenoidal) surgery, higher initial concentra-
tions of vasopressin are required to treat acute diabetes
insipidus, which may be attributable to the release of a
substance related to vasopressin from the damaged hy-
pothalamoneurohypophyseal system, which acts as an an-
tagonist to normal vasopressin activity (219).

Much higher rates of vasopressin infusion, resulting
in plasma concentrations above 100 pg/ml, should be
avoided, as they may cause cutaneous necrosis (220),
rhabdomyolysis (220, 221), and cardiac rhythm distur-
bances (222). Patients treated with vasopressin for post-
neurosurgical diabetes insipidus should be switched from
intravenous to oral fluid intake at the earliest opportunity,
because thirst sensation, if intact, will help regulate blood
osmolality, as discussed. Intravenous dDAVP should not
be used in the acute management of postoperative central
diabetes insipidus, because it offers no advantage over va-
sopressin, and its long half-life (8–12 h) compared with
that of vasopressin (5–10 min) is a distinct disadvantage,
because it may increase the chance of causing water in-
toxication (198). In fact, the use of intravenous dDAVP
(0.3 �g/kg) to shorten the bleeding time in a variety of
bleeding disorders (as has been discussed) has been as-
sociated with water intoxication (223), particularly in
young children who have high obligate oral fluid needs.
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A special problem arises when a patient with estab-
lished central diabetes insipidus must receive a high vol-
ume of fluid for therapeutic reasons (e.g., accompanying
cancer chemotherapy). Such patients can be managed ei-
ther by discontinuing antidiuretic therapy and increasing
fluid intake to 3–5 l/m2/day (rendering the patient mod-
erately hypernatremic), or by using a low dosage of in-
travenous vasopressin (0.1 mU/kg/h, approximately one-
eighth the full antidiuretic dosage). The partial antidiuretic
effect allows the administration of higher amounts of fluid
without causing hyponatremia (224).

In the outpatient setting, treatment of central diabetes
insipidus in older children should begin with oral dDAVP
in dosages of 25–300 �g every 8–12 h. Oral dDAVP
tablets have recently come into widespread use. Although
when given orally dDAVP is at least 20-fold less potent
than when given via the intranasal route, it is reported to
be highly effective and safe in children (225–227). In-
tranasal dDAVP (10 �g/0.1 ml), 0.025 ml (2.5 �g) is
given by rhinal tube at bedtime and the dosage is in-
creased to the lowest amount that gives an antidiuretic
effect. If the dosage is effective, but has too short a du-
ration, it should be increased further or a second, morning
dose should be added. Patients should escape from the
antidiuretic effect for at least 1 h before the next dose, to
ensure that any excessive water will be excreted. Other-
wise, water intoxication may occur. dDAVP is also avail-
able as a nasal spray in the same concentration, with each
spray delivering 10 �g (0.1 ml). This is the standard prep-
aration used for treatment of primary enuresis. Lysine va-
sopressin (Diapid) nasal spray (50 units/ml) may be used
if a duration less than that of dDAVP is desired. One spray
delivers 2 units (0.04 ml), with a duration of action be-
tween 2 and 8 h.

In addition to polyuria and polydypsia, decreased
bone mineral density has been reported in patients with
central diabetes insipidus (228). The decreased bone den-
sity was not corrected by vasopressin analog treatment
alone, suggesting that institution of bisphosphonate or
other therapies designed to prevent bone loss may be of
long-term benefit in the treatment of diabetes insipidus.

3. Children with Primary Enuresis
Although normal children have a nocturnal rise in plasma
vasopressin associated with an increase in urine osmolal-
ity and a decrease in urine volume, those with primary
enuresis have a blunted or absent rise in vasopressin, and
excrete a higher urine volume of lower tonicity (229,
230). This has suggested that enuretic children have a pri-
mary deficiency in vasopressin secretion, although the
same outcome could be caused solely by excessive water
intake in these children. The use of the V2 agonist dDAVP
is highly effective in abolishing bed-wetting episodes, al-
though relapse is high once therapy is stopped (231–233).
Fluid intake must be limited while a child is exposed to

the antidiuretic action of dDAVP to guard against water
intoxication.

IV. NEPHROGENIC DIABETES INSIPIDUS

A. Causes

Nephrogenic (vasopressin-resistant) diabetes insipidus can
be due to genetic or acquired causes. Genetic causes are
less common but more severe than acquired forms of the
disease, although genetic causes are more common in
children than in adults.

1. Genetic Causes

a. Congenital X-Linked Diabetes Insipidus: V2 Re-
ceptor Mutations. Congenital X-linked nephrogenic di-
abetes insipidus is caused by inactivating mutations of the
vasopressin V2 receptor. Due to its mode of transmission,
it is a disease of males, although rarely females may be
affected, presumably due to extreme Lyonization during
X-chromosome inactivation (234). In keeping with a
germline, as opposed to somatic, mutation in the V2 re-
ceptor, these patients are deficient in all systemic V2 re-
ceptor-mediated actions (235, 236) and have intact V1-
receptor-mediated responses (237, 238). As expected, the
V2 receptor defect is proximal to the activation of renal
adenylate cyclase (239, 240). Unlike the function of other
G protein-coupled seven transmembrane receptors such as
the parathyroid hormone (PTH) and thyroid-stimulating
hormone (TSH) receptors, that of the V2 receptor is un-
affected in patients with pseudohypoparathyroidism, who
have inactivating mutations in the alpha subunit of GS

(241).
Because of vasopressin resistance in congenital neph-

rogenic diabetes insipidus, the kidney elaborates large vol-
umes of hypotonic urine with osmolality ranging between
50 and 100 mOsm/kg. Manifestations of the disease are
usually present within the first several weeks of life (242),
but may only become apparent after weaning from the
breast. The predominant symptoms are polyuria and
polydipsia. Thirst may be more difficult to satisfy than in
central diabetes insipidus. Many infants initially present
with fever, vomiting, and dehydration, often leading to an
evaluation for infection. Growth failure in the untreated
child may be secondary to the ingestion of large amounts
of water, which the child may prefer over milk and other
higher-caloric substances (243). Mental retardation of var-
iable severity as a result of repeated episodes of dehydra-
tion was described frequently in early reports (244). How-
ever, the majority of patients reported in recent studies
have a normal intelligence, very likely due to an early
diagnosis and appropriate treatment (245).

Intracerebral calcification of the frontal lobes and
basal ganglia is not uncommon in children with X-linked
nephrogenic diabetes insipidus (246–249). Because this
appears early and is not seen in children with central di-
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abetes insipidus of equivalent severity, cerebral calcifica-
tion is probably unrelated to the level of dehydration or
therapeutic intervention. It is possible that elevated va-
sopressin concentrations, acting via intact V1 or V3 re-
ceptors, contribute to some of the unique manifestations
of X-linked nephrogenic diabetes insipidus, such as ce-
rebral calcification, intense thirst, vomiting, and growth
failure. Older children may present with enuresis or noc-
turia. They may learn to reduce food intake (and therefore
solute load) to decrease polyuria, which may contribute
to growth failure. After longstanding ingestion and excre-
tion of large volumes of water, patients may develop non-
obstructive hydronephrosis, hydroureter, and megabladder
(209).

Although one founder (arriving in North America
from Scotland in 1761 on the ship Hopewell) was initially
postulated to be the ancestor of most North American sub-
jects with congenital, X-linked nephrogenic diabetes in-
sipidus (250), more than 180 mutations in the V2 receptor
have been found, with some appearing to have arisen in-
dependently more than once (251–264). These are mostly
single base mutations that result in amino acid substitu-
tions, translational frame shifts, or termination of peptide
synthesis, and are distributed fairly evenly throughout the
receptor protein (www.medcon.mcgill.ca/nephros/avpr2.
html). Mutations may affect vasopressin binding, cyclic
AMP generation, or possibly transcriptional regulation
(265–269). Patients with different mutations will likely be
found to exhibit phenotypic heterogeneity, including sever-
ity of disease and response to treatment. Genetic hetero-
geneity may underlie the variable response of patients with
X-linked diabetes insipidus to dDAVP treatment. In a fam-
ily with a known mutation, prenatal or early postnatal DNA
screening can unambiguously identify affected males, al-
lowing the institution of appropriate therapy (199).

b. Congenital, Autosomal, Nephrogenic Diabetes
Insipidus: Aquaporin-2 Mutations. After the initial de-
scription of X-linked nephrogenic diabetes insipidus
(270), several patients were reported with similar clinical
findings except for autosomal recessive transmission of
the disease (271) or normal V2 receptor function outside
of the kidney (272). With cloning of the complementary
DNA for the renal water channel, aquaporin-2, many pa-
tients with autosomal recessive nephrogenic diabetes in-
sipidus have been reported who have a total of 21 muta-
tions different in this gene (Oksche, 1998 #3453) (www.
medcon.mcgill.ca/nephros/aqp2.html ). Most are missense
mutations, although four are nonsense or frameshift mu-
tations. They are scattered throughout the molecule, in-
cluding within four of the five transmembrane domains,
two of three extracellular domains, and two of four intra-
cellular domains. Recently, an autosomal dominant mode
of inheritance for nephrogenic diabetes insipidus has been
described, associated with mutations in aquaporin-2. One
of these dominant mutations results in mixed tetrameters
of the wild type and mutant alleles being retained in the

Golgi apparatus (273). Aquaporin-2 mutations impair the
ability of the luminal membrane to undergo an increase
in water permeability following signaling through the V2
receptor. They could include patients previously described
who had a normal rise in urinary cyclic AMP in response
to vasopressin, without a concomitant increase in urine
osmolality (239). Aquaporin-2 protein has recently been
shown to be excreted in the urine in both soluble and
membrane-bound forms. Aquaporin-2 excretion is low in
untreated central and nephrogenic diabetes insipidus, but
following dDAVP administration increases markedly in
the former, but not latter, disease (92). For this reason, its
measurement in urine has been suggested as an aid in the
differential diagnosis of diabetes insipidus (92).

2. Acquired Causes
Acquired causes of nephrogenic diabetes insipidus are
more common and less severe than genetic causes. Neph-
rogenic diabetes insipidus may be caused by drugs such
as lithium and demeclocycline, both of which are thought
to interfere with vasopressin-stimulated cyclic AMP gen-
eration or action. Approximately 50% of patients receiv-
ing lithium have impaired urinary concentrating ability,
although only 10–20% of them develop symptomatic
nephrogenic diabetes insipidus, which is almost always
accompanied by a reduction in the glomerular filtration
rate (274, 275). The risk increases with duration of ther-
apy. Lithium impairs the ability of vasopressin to stimu-
late adenylate cyclase (276), resulting in a 90% fall in
aquaporin-2 messenger RNA expression in renal collect-
ing ducts (277) and may be the basis for its causing neph-
rogenic diabetes insipidus.

Demeclocycline treatment causes nephrogenic dia-
betes insipidus by inhibiting transepithelial water transport
(278). For this reason, it is useful in the treatment of di-
lutional hyponatremia associated with inappropriate secre-
tion of vasopressin, as will be discussed. Other agents that
cause nephrogenic diabetes insipidus include hypercal-
cemia, hypokalemia, and therapy with foscarnet (used in
treatment of cytomegalovirus infection in immunosup-
pressed patients) (279, 280), clozapine (280), amphoteri-
cin (281), methicillin (282), or rifampin (283). Whether
any of these agents causes nephrogenic diabetes insipidus
by interfering with the expression or insertion into apical
collecting duct membranes of aquaporin-2 water channels
is not yet known. Ureteral obstruction (284), chronic renal
failure, polycystic kidney disease, medullary cystic dis-
ease, Sjögren syndrome (285), and sickle cell disease
can also impair renal-concentrating ability. Osmotic diu-
resis due to glycosuria in diabetes mellitus, or to sodium
excretion with diuretic therapy, will interfere with renal
water conservation. Primary polydipsia can result in sec-
ondary nephrogenic diabetes insipidus because the chronic
excretion of a dilute urine lowers the osmolality of the
hypertonic renal interstitium, thus decreasing renal-con-
centrating ability. Finally, decreased protein or sodium up-
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take also can lead to diminished tonicity of the renal med-
ullary interstitium and nephrogenic diabetes insipidus.

B. Treatment of Nephrogenic
Diabetes Insipidus

The treatment of acquired nephrogenic diabetes insipidus
focuses on elimination, if possible, of the underlying dis-
order, such as offending drugs, hypercalcemia, hypo-
kalemia, or ureteral obstruction. Congenital nephrogenic
diabetes insipidus is often difficult to treat. The main goals
should be to ensure the intake of adequate calories for
growth and to avoid severe dehydration. Foods with the
highest ratio of caloric content to osmotic load should be
ingested, to maximize growth and minimize the urine vol-
ume required to excrete urine solute. However, even with
the early institution of therapy, growth and mental retar-
dation are not uncommon (286).

Thiazide diuretics in combination with amiloride or
indomethocin are the most useful pharmacological agents
in the treatment of nephrogenic diabetes insipidus. Thi-
azides promote sodium excretion by interfering with so-
dium reabsorption in the distal tubule of the nephron and
altering inner medullary osmolality; the former promotes
increased proximal tubule reabsorption of sodium and the
latter leads to increased free water reabsorption from the
collecting duct (213, 287). Indomethacin, 2 mg/kg/day,
further enhances proximal tubular sodium and water reab-
sorption (213, 288, 289), although this effect is not me-
diated by inhibition of cyclo-oxygenase (290). The com-
bination of thiazide and amiloride diuretics is the most
commonly used regimen for the treatment of congenital,
X-linked nephrogenic diabetes insipidus, because amilor-
ide counteracts thiazide-induced hypokalemia (242),
avoids the nephrotoxicity associated with indomethacin
therapy, and is well tolerated, even in infants (291). In
addition, amiloride decreases the uptake of lithium by re-
nal epithelial cells, and for this additional reason has been
proposed in combination with thiazide as treatment for
lithium-induced nephrogenic diabetes insipidus (292).
High-dosage dDAVP therapy, in combination with indo-
methacin, has been reported to be helpful in treating some
subjects with nephrogenic diabetes insipidus (293). This
treatment may prove to be useful in patients with genetic
defects in the V2 receptor that reduce the binding affinity
for vasopressin.

V. HYPONATREMIA AND THE SYNDROME
OF INAPPROPRIATE SECRETION
OF VASOPRESSIN

The evaluation of hyponatremia requires the exclusion of
states of hyperproteinemia, hyperlipidemia, and hypergly-
cemia that may falsely lower the measurement of serum
sodium by flame-emission spectrophotometry.

Hyponatremia (serum sodium <130 mEq/l) in chil-
dren is usually associated with severe systemic disorders.
It is most often due to intravascular volume depletion or
excessive salt loss, as will be discussed, and is also en-
countered with hypotonic fluid overload, especially in in-
fants. Inappropriate excess secretion of vasopressin is one
of the least common causes of hyponatremia in children,
except following vasopressin administration for treatment
of diabetes insipidus.

In evaluating the cause of hyponatremia, one should
first determine whether the patient is dehydrated and hy-
povolemic. This is usually evident from the physical ex-
amination (decreased weight, skin turgor, central venous
pressure) and laboratory data (high blood urea nitrogen,
renin, aldosterone, uric acid). With a decrease in the glo-
merular filtration rate, proximal tubular reabsorption of
sodium and water will be high, leading to a urinary so-
dium less than 10 mEq/l. Patients with decreased effective
intravascular volume due to congestive heart failure, cir-
rhosis, nephrotic syndrome, or lung disease will present
with similar laboratory data, but will also have obvious
signs of their underlying disease, which often includes
peripheral edema. Patients with primary salt loss will also
appear volume depleted. If the salt loss is from the kidney
(e.g., diuretic therapy or polycystic kidney disease), uri-
nary sodium will be elevated, as may be urine volume.
Salt loss from other regions (e.g., the gut in gastroenteritis
or the skin in cystic fibrosis) will cause urine sodium to
be low, as in other forms of systemic dehydration. Cere-
bral salt washing is encountered with central nervous sys-
tem insults, and results in high serum atrial natriuretic
peptide concentrations, leading to high urine sodium and
urine excretion.

The syndrome of inappropriate antidiuretic hormone
(vasopressin) secretion (SIADH) exists when a primary
elevation in vasopressin secretion is the cause of hypo-
natremia. It is characterized by hyponatremia, an inappro-
priately increased urinary osmolality (>100 mOsm/kg),
normal or slightly elevated plasma volume, and a normal
to high urine sodium level (because of volume-induced
suppression of aldosterone and elevation of atrial natri-
uretic peptide). Serum uric acid is low in patients with
SIADH, whereas it is high in those with hyponatremia
due to systemic dehydration or other causes of decreased
intravascular volume (294). Measurement of plasma va-
sopressin is not very useful because it is elevated in all
causes of hyponatremia except for primary hypersecretion
of atrial natiuretic peptide (295). Because cortisol and thy-
roid deficiency cause hyponatremia by several mecha-
nisms discussed subsequently, they should be considered
in all hyponatremic patients. Drug-induced hyponatremia
should be considered in patients taking potentially con-
tributory medications, as discussed below. In children
with SIADH who do not have an obvious cause, a careful
search for a tumor (thymoma, glioma, bronchial carci-
noid) causing the disease should be considered. Patients
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present clinically with nonspecific symptoms of hypo-
natremia: anorexia, lethargy, weakness, and in severe
cases obtundity and convulsions. Signs of diminished in-
travascular volume, edema, hypothyroidism, adrenal in-
sufficiency, and renal disease are absent by definition.

A. Hyponatremia with Normal Regulation
of Vasopressin

1. Hyponatremia with Appropriate Decreased
Secretion of Vasopressin

a. Increased Water Ingestion (Primary Polydipsia).
In a hypo-osmolar state with vasopressin secretion nor-
mally suppressed, the kidney can excrete urine with an
osmolality as low as 50 mOsm/kg. Under these condi-
tions, a daily solute load of 500 mOsm/m2 could be ex-
creted in 10 l/m2 urine/day. Neonates cannot dilute their
urine to this degree, and are prone to develop water in-
toxication at levels of water ingestion above 4 l/m2/day
(approximately 60 ml/h in a newborn). This may happen
when concentrated infant formula is diluted with excess
water, either by accident or in a misguided attempt to
make it last longer (296). A primary increase in thirst,
without apparent cause, leading to hyponatremia has been
reported in infants as young as 5 weeks of age (212). In
older children, with a normal kidney and the ability to
suppress vasopressin secretion, hyponatremia does not oc-
cur unless water intake exceeds 10 l/m2/day, a feat that is
almost impossible to accomplish. Longstanding ingestion
of large volumes of water will decrease the hypertonicity
within the renal medullary interstitium, which will impair
water reabsorption and guard against water intoxication
(297). However, hyponatremia will occur at lower rates
of water ingestion when renal water clearance is impaired,
either because of inappropriately elevated vasopressin se-
cretion (as has been discussed) or for other reasons (see
below).

The rare patient in whom the osmotic thresholds for
thirst and vasopressin release are reversed illustrates the
importance of the normal relationship between these two
responses to osmotic stimulation (298). If thirst is acti-
vated below the threshold for vasopressin release, water
intake and hypo-osmolality will occur and suppress va-
sopressin secretion, leading to persistent polydipsia and
polyuria. As long as daily fluid intake is less than 10
l/m2, hyponatremia will not occur. Despite the presence
of polyuria and polydipsia, this entity should not be con-
fused with diabetes insipidus because of the presence of
hypernatremia. However, dDAVP treatment of such a pa-
tient may lower serum osmolality below the threshold for
thirst, suppressing water ingestion and the consequent
polyuria.

b. Decreased Renal Free Water Clearance. Ad-
renal insufficiency, either primary or secondary, has
long been known to result in compromised free water ex-
cretion (25, 51). The mechanisms by which glucocorti-

coids and mineralocorticoids modulate water diuresis have
been the subject of substantial investigation. Some studies
have demonstrated increased plasma vasopressin activity
in the context of glucocorticoid insufficiency (299, 300),
consistent with more recent molecular biological evidence
that glucocorticoids inhibit transcription of the vasopres-
sin gene (301). However, other investigators have failed
to detect vasopressin in plasma of patients with adrenal
insufficiency and abnormal water clearance (302). Con-
sistent with vasopressin-independent actions of adrenal
steroids on water metabolism, Brattleboro rats with hy-
pothalamic diabetes insipidus manifest impaired excretion
of a water load after adrenalectomy (51). In adrenalecto-
mized Brattleboro rats, glucocorticoid administration re-
stored urine flow rate but did not restore maximal urinary
diluting capacity. In converse fashion, mineralocorticoid
administration restored maximal urinary diluting capacity
but not flow rate. Thus, both mineralocorticoids and glu-
cocorticoids are required for normal free water clearance.

In part, these vasopressin-independent actions of min-
eralocorticoids and glucocorticoids have been attributed
to the increased glomerular filtration rate arising from re-
expansion of extracellular fluid volume (reduced due to
salt-wasting) and improved cardiovascular tone, respec-
tively (24, 303, 304). By restoring the glomerular filtration
rate, more free water is delivered to the distal tubule for
excretion. In addition, volume repletion reduces the non-
osmotic stimuli for vasopressin release of volume deple-
tion and hypotension. Nitric oxide has recently been found
to stimulate cyclic GMP-dependent membrane insertion
of aquaporin 2 into renal epithelial cells (305). Since glu-
cocorticoid has been shown to inhibit endothelial nitric
oxide, it is possible that under conditions (306) of glu-
cocorticoid deficiency, high levels of nitric oxide synthase
result in elevated levels of endothelial nitric oxide in the
renal vasculature, which in the distal renal tubule stimu-
late increased, vasopressin-independent aquaporin 2 activ-
ity and decreased free water clearance.

Direct effects of glucocorticoid or mineralocorticoid
insufficiency on aquaporin expression and function have
not been reported. In addition to impairing maximal renal
diluting capacity, adrenal insufficiency compromises max-
imal urine-concentrating capacity (307). This effect has
been shown to result from reduced tubular response to
vasopressin.

Thyroid hormone is also required for normal free wa-
ter clearance, and its deficiency likewise results in de-
creased renal water clearance and hyponatremia. Some
studies suggest that vasopressin mediates the hyponatre-
mia of hypothyroidism because ethanol increases free wa-
ter excretion in hypothyroid patients, but this effect has
not been found in other reports (308). In severe hypothy-
roidism, hypovolemia is not present, and hyponatremia is
accompanied by appropriate suppression of vasopressin
(309). Similar to the consequences of isolated glucocor-
ticoid deficiency described above, hypothyroidism impairs
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Table 1 Drugs Impairing Free Water Clearance

Class Drug

Increases
vasopressin

secretion

Angiotensin-converting enzyme inhibitors Lisinopril
Anticonvulsants Carbamazepine/oxabarbazepine

Valproic acid
Yes

Antineoplastics Cis-platinum
Cyclophosphamide
Vinblastine
Vincristine

No
Yes
Yes

Antiparkinsonian Amantadine
Trihexyphenidyl

Yes

Antipsychotics Haloperidol, thioridazine
Antipyretics Acetaminophen
Hypolipidemics Clofibrate Yes
Oral hypoglycemics Chlorpropamide

Tolbutamide
Yes

Selective serotonin uptake inhibitors Fluoxetine, sertraline, others Likely
Tricyclic antidepressants Imipramine, amitriptyline Yes

Source: Adapted from Refs. 316–318, 323, 385–391.

free water clearance more than maximal urine-diluting ca-
pacity (310). This decrease in free water clearance may
result from diminished glomerular filtration rate (GFR)
and delivery of free water to the diluting segment of distal
nephron, as suggested by both animal (311) and human
studies (312).

Given the often subtle clinical findings associated
with adrenal and thyroid deficiency, all patients with hy-
ponatremia should be suspected of these disease states and
undergo appropriate diagnostic tests if indicated. More-
over, patients with coexisting adrenal failure and diabetes
insipidus may have no symptoms of the latter until glu-
cocorticoid therapy unmasks the need for vasopressin re-
placement (313, 314). Resolution of diabetes insipidus in
chronically polyuric and polydipsic patients may likewise
suggest inadequate glucocorticoid supplementation or
noncompliance with glucocorticoid replacement.

Some drugs may cause hyponatremia by inhibiting
renal water excretion without stimulating secretion of va-
sopressin (Table 1), an action that could be called neph-
rogenic SIADH. In addition to augmenting vasopressin
release, both carbamazepine (315, 316) and chloropro-
pamide (317, 318) increase the cellular response to va-
sopressin. Acetaminophen also increases the response of
the kidney to vasopressin (317); however, this has not
been found to cause hyponatremia. High-dosage cyclo-
phosphamide treatment (15–20 mg/kg intravenous bolus)
is often associated with hyponatremia, particularly when
it is followed by a forced water diuresis to prevent hem-
orrhagic cystitis (319–321). Plasma vasopressin concen-
trations are normal, suggesting a direct effect of the drug
on increasing water resorption (322). Vinblastine, inde-

pendent of augmentation of plasma vasopressin concen-
tration or vasopressin action (323), and cis-platinum (324,
325) likewise cause hyponatremia. These drugs may dam-
age the collecting duct tubular cells, which are normally
highly impermeable to water, or may enhance aquaporin-
2 water channel activity and thereby increase water reab-
sorption down its osmotic gradient into the hypertonic re-
nal interstitium.

B. Treatment

Hyponatremia due to cortisol or thyroid hormone defi-
ciency reverses promptly following institution of hormone
replacement. Because the hyponatremia is often chronic,
too rapid a rise in serum sodium should be avoided if
possible. When drugs that impair free water excretion
must be used, water intake should be limited, as if the
patient has SIADH to 1 l/m2/24 h, using the regimen pro-
posed.

1. Hyponatremia with Appropriate Increased
Secretion of Vasopressin

Increased vasopressin secretion causing hyponatremia
may either be an appropriate response or an inappropriate
response to a pathological state. Inappropriate secretion of
vasopressin, also called SIADH, is the much less common
of the two entities (326, 327). Whatever the cause, hy-
ponatremia is a worrisome sign often associated with in-
creased morbidity and mortality (328).

a. Systemic Dehydration. Systemic dehydration
(water in excess of salt depletion) initially results in hy-
pernatremia, hyperosmolality, and activation of vasopres-
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sin secretion as reviewed above. In addition, the associ-
ated fall in the renal glomerular filtration rate results in
an increase in proximal tubular sodium and water reab-
sorption, with a concomitant decrease in distal tubular wa-
ter excretion. This limits the ability to form a dilute urine
and, along with the associated stimulation of the renin–
angiotensin–aldosterone system and suppression of atrial
natriuretic peptide secretion, results in the excretion of
urine that is very low in sodium. As dehydration pro-
gresses hypovolemia and/or hypotension become major
stimuli for vasopressin release that are much more potent
than hyperosmolality (see above). This effect, by attempt-
ing to preserve volume, decreases free water clearance
further and may lead to water retention and hyponatremia,
especially if water replacement in excess of salt is given.
In many cases, hyponatremia due to intravascular volume
depletion is evident from physical and laboratory signs
such as decreased skin turgor, low central venous pres-
sure, hemoconcentration, and elevated blood urea nitro-
gen. However, the diagnosis may be subtle. For example,
patients with meningitis may present with hyponatremia,
for which water restriction has been advocated in the be-
lief that it is due to SIADH. However, several studies have
found that volume depletion, rather than SIADH, is often
the cause of the hyponatremia (329, 330), and that it re-
solves more readily when supplemental, rather than re-
stricted, fluid and solute are administered (331). In pa-
tients with hyponatremia following head trauma, volume
depletion rather than SIADH is the cause in approximately
one-half (332).

b. Primary Loss of Sodium Chloride. Salt can be
lost from the kidney, such as in patients with congenital
polycystic kidney disease, acute interstitial nephritis, and
chronic renal failure. Mineralocorticoid deficiency, pseu-
dohypoaldosteronism (sometimes seen in children with
urinary tract obstruction or infection), diuretic use, and
gastrointestinal disease (usually gastroenteritis with diar-
rhea and/or vomiting) can also result in excess loss of
sodium chloride. Hyponatremia can also result from salt
loss in sweat in cystic fibrosis, although obstructive lung
disease with elevation of plasma vasopressin probably
plays a more prominent role, as reviewed above. With the
onset of salt loss, any tendency toward hyponatremia will
initially be countered by suppression of vasopressin and
increased water excretion. However, with continuing salt
loss, hypovolemia and/or hypotension ensue causing non-
osmotic stimulation of vasopressin. This plus increased
thirst, which leads to ingestion of hypotonic fluids with
low solute content, result in hyponatremia. Weight loss is
usually evident, as is the source of sodium wasting. If it
is the kidney, it is accompanied by a rate of urine output
and a urine sodium content greater than those associated
with most other causes of hyponatremia except a primary
increase in atrial natriuretic peptide secretion.

c. Decreased Effective Plasma Volume. Conges-
tive heart failure, cirrhosis, nephrotic syndrome, positive

pressure mechanical ventilation (333), severe burns (334),
and lung disease (bronchopulmonary dysplasia (335–337)
[in neonates], cystic fibrosis with obstruction (338, 339),
and severe asthma (340, 341)) are all characterized by a
decrease in so-called effective intravascular volume (308,
342). This occurs because of impaired cardiac output, an
inability to keep fluid within the vascular space, or im-
paired blood flow into the heart, respectively. As with sys-
temic dehydration, in an attempt to preserve intravascular
volume, water and salt excretion by the kidney are re-
duced, and decreased barosensor stimulation results in a
compensatory, appropriate increase in vasopressin secre-
tion, leading to an antidiuretic state and hyponatremia
(343). Because of the associated stimulation of the renin–
angiotensin–aldosterone system, these patients also have
an increase in the total body content of sodium chloride
and may have peripheral edema, which differentiates them
from those with systemic dehydration. In patients with
impaired cardiac output and elevated atrial volume (e.g.,
congestive heart failure or lung disease), atrial natriuretic
peptide concentrations are elevated, which contributes to
hyponatremia by promoting natriuresis (see below).

d. Treatment. Patients with systemic dehydration
and hypovolemia should be rehydrated with salt-contain-
ing fluids such as normal saline or lactated Ringer’s so-
lution. Because of activation of the renin–angiotensin–
aldosterone system, the administered sodium will be
avidly conserved, and a water diuresis will quickly ensue
as volume is restored and vasopressin concentrations fall
(344). Under these conditions, caution must be taken to
prevent too rapid a correction of hyponatremia, which
may itself result in brain damage (see below).

Hyponatremia due to a decrease in effective plasma
volume caused by cardiac, hepatic, renal, or pulmonary
dysfunction is more difficult to reverse. The most effective
therapy is the least easily achieved: treatment of the un-
derlying systemic disorder. Patients weaned from positive
pressure ventilation undergo a prompt water diuresis and
resolution of hyponatremia as cardiac output is restored
and vasopressin concentrations fall. The only other effec-
tive route is to limit water intake to that required for the
renal excretion of the obligate daily solute load of ap-
proximately 500 mOsm/m2 and to replenish insensible
losses. In a partial antidiuretic state with a urine osmolal-
ity of 750 mOsm/kg and insensible losses of 500 ml/m2,
oral intake would have to be limited to approximately
1200 ml/m2/day.

Because of concomitant hyperaldosteronism, the di-
etary restriction of sodium chloride needed to control pe-
ripheral edema in patients with heart failure may reduce
the daily solute load and further limit the amount of water
that can be ingested without exacerbating hyponatremia.
However, hyponatremia in these settings is often slow to
develop, rarely causes symptoms, and usually does not
need treatment. If the serum sodium levels fall below 125
mEq/l, water restriction to 1 l/m2/day is usually effective
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in preventing a further decline. Since water retention in
patients with these disorders is a compensatory response
to decreased intravascular volume, an attempt to reverse
it with drugs such as demeclocycline or specific V2-re-
ceptor antagonists (which induce nephrogenic diabetes in-
sipidus, as discussed above) could result in worsening hy-
povolemia, with potentially dire consequences (345).

In general, patients with hyponatremia due to salt loss
(including those with cerebral salt-wasting syndrome) re-
quire continued supplementation with sodium chloride
and fluids. Initially, intravenous replacement of urine vol-
ume with fluid containing sodium chloride, 150–450
mEq/l depending on the degree of salt loss, may be nec-
essary; oral salt supplementation may be required subse-
quently (295). This treatment contrasts with that of
SIADH, for which water restriction without sodium sup-
plementation is the mainstay.

e. Precautions in Emergency Treatment. Severe
hyponatremia requires rapid treatment but not rapid cor-
rection. Most children with hyponatremia develop the dis-
order gradually, are asymptomatic, and should be treated
with water restriction alone. However, the development of
acute hyponatremia, or a serum sodium concentration be-
low 120 mEq/l, may be associated with lethargy, psycho-
sis, coma, or generalized seizures, especially in younger
children. Acute hyponatremia causes cell swelling due to
the entry of water into cells which can lead to neuronal
dysfunction from alterations in the ionic environment, or
to cerebral herniation because of the encasement of the
brain in the cranium. If present for more than 24 h, cell
swelling triggers a compensatory decrease in intracellular
organic osmolytes, resulting in the partial restoration of
normal cell volume in chronic hyponatremia (346).

The proper emergency treatment of cerebral dysfunc-
tion depends on whether the hyponatremia is acute or
chronic (1, 347). In all cases, water restriction should be
instituted. If hyponatremia is acute, and therefore proba-
bly not associated with a decrease in intracellular organic
osmolyte concentration, rapid correction with hypertonic
3% sodium chloride administered intravenously may be
indicated. As a general guide, this solution, given in the
amount of 12 ml/kg body weight, will result in a rise in
serum sodium of approximately 10 mEq/l. If hyponatre-
mia is chronic, hypertonic saline treatment must be un-
dertaken with caution, because it may result in both cell
shrinkage (Fig. 7) and the associated syndrome of central
pontine myelinolysis (348). This syndrome, affecting the
central portion of the basal pons as well as other brain
regions, is characterized by axonal demyelination, with
sparing of neurons. It becomes evident within 24–48 h
following too rapid correction of hyponatremia, has a
characteristic appearance by computed tomographic and
MRI, and often causes irreversible brain damage (348–
350). If hypertonic saline treatment is undertaken, the se-
rum sodium level should be raised only high enough to
cause an improvement in mental status, and in no case

faster than 0.5 mEq/l/h or 12 mEq/1/day (347–350). In
the case of systemic dehydration, the rise in serum sodium
levels may occur very rapidly using this regimen. The
associated hyperaldosteronism will cause avid retention of
the administered sodium, leading to rapid restoration of
volume and suppression of vasopressin secretion, and re-
sulting in a brisk water diuresis and a rise in serum so-
dium (344).

Acute treatment of hyponatremia is more difficult in
patients with decreased effective plasma volume. This is
both because the underlying disorder makes it difficult to
maintain the administered fluid within the intravascular
space, and because an associated increase in atrial natri-
uretic peptide promotes natriuresis and loss of the admin-
istered salt. Furthermore, patients with cardiac disease
who are given hypertonic saline may require concomitant
treatment with a diuretic such as furosemide to prevent
worsening of heart failure, which will also increase natri-
uresis.

C. Hyponatremia with Abnormal Regulation
of Vasopressin

1. Hyponatremia with Inappropriate Increased
Secretion of Vasopressin (SIADH)

a. Causes. SIADH is uncommon in children (326,
327, 351). It can occur with encephalitis, brain tumor
(352), head trauma (332, 353), or psychiatric disease
(354), after generalized seizures (355), after prolonged
nausea (356, 357), pneumonia (358, 359), or acquired im-
munodeficiency syndrome (AIDS) (360). Many drugs
have been associated with impaired free water clearance
as indicated in Table 1. Impaired free water clearance can
result from alteration in vasopressin release, increased va-
sopressin effect at the same plasma vasopressin concen-
tration, or vasopressin-independent changes in distal col-
lecting tubule water permeability. Common drugs shown
to increase ADH secretion and result in hyponatremia in-
clude carbamazepine (316), chlorpropamide (361), vin-
blastine (323), vincristine (362), and tricyclic antidepres-
sants (363, 364). Newer sulfonylurea agents, including
glyburide, are not associated with SIADH (365). Although
it has been believed to be the cause of hyponatremia as-
sociated with viral meningitis, volume depletion is more
commonly the cause (329, 331).

In contrast, the majority of children with tuberculous
meningitis have hyponatremia and SIADH, which predict
more severe disease and poor outcome (366–368).
SIADH is the cause of the hyponatremic second phase of
a triple-phase response seen after hypothalamic–pituitary
surgery, as reviewed previously. Hyponatremia with ele-
vated vasopressin secretion is found in up to 35% of pa-
tients 1 week after transsphenoidal pituitary surgery (369,
370). The mechanism is most likely retrograde neuronal
degeneration with cell death and vasopressin release. Sec-
ondary adrenal insufficiency causing stimulation of va-
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Figure 7 Changes in organic osmolytes with hyponatremia and after its correction. Under normal conditions, osmotic balance
exists between extracellular and intracellular compartments. With acute hyponatremia, water enters cells, causing cell swelling.
After approximately 24 h continued hyponatremia, intracellular organic osmolytes decrease, restoring cell volume towards
normal. Hypertonic saline treatment of acute hyponatremia results in restoration of normal cell volume, whereas the same
treatment of chronic hyponatremia results in cell shrinkage. Large circle, water; closed smaller circle, solute; arrow, direction
of water flow. (From Muglia L, Majzoub J. Disorders of the posterior pituitary. In: Sperling M, ed. Pediatric Endocrinology,
2d ed. Philadelphia: Saunders, 2002:289–322.)

sopressin release (49) may also play a role, since hypo-
natremia most commonly follows the removal of
adrenocorticotropin hormone-secreting corticotroph ade-
nomas (370). In the vast majority of children with
SIADH, the cause is the excessive administration of va-
sopressin, whether to treat central diabetes insipidus (198,
211) or, less commonly, bleeding disorders (223) (see
above), or, most uncommonly, following dDAVP therapy
for enuresis.

b. Treatment. Chronic SIADH is best treated by
chronic oral fluid restriction. Under full vasopressin an-
tidiuretic effect (urine osmolality of 1000 mOsm/kg), a
normal daily obligate renal solute load of 500 mOsm/m2

would be excreted in 500 ml/m2 water. This, plus a daily
nonrenal water loss of 500 ml/m2, would require that oral
fluid intake be limited to 1000 ml/m2/day to avoid hypo-

natremia. In young children, this degree of fluid restriction
may not provide adequate calories for growth. In this sit-
uation, the creation of nephrogenic diabetes insipidus
using demeclocycline therapy may be indicated to allow
sufficient fluid intake for normal growth (371). Demeclo-
cycline is superior to lithium for this purpose (372). How-
ever, its use is not recommended in children under 8 years
of age and pregnant women, since tetracyclines are exten-
sively incorporated into bones and tooth enamel. Specific
V2 receptor antagonists are also being developed for this
purpose (373). Acute treatment of hyponatremia due to
SIADH is only indicated if cerebral dysfunction is pres-
ent. In that case, treatment is dictated by the duration of
hyponatremia and the extent of cerebral dysfunction, as
has been discussed. Because patients with SIADH have
volume expansion, salt administration is not very effective
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in raising the serum sodium level: it is rapidly excreted
in the urine due to suppressed aldosterone and elevated
atrial natriuretic peptide concentrations.

2. Hyponatremia with Inappropriate Decreased
Secretion of Vasopressin, Due to Increased
Secretion of Atrial Natriuretic Peptide
(Cerebral Salt-Wasting Syndrome)

Although atrial natriuretic peptide does not usually play a
primary role in the pathogenesis of disorders of water me-
tabolism, it may have an important secondary role (335,
374–376). Patients with SIADH have elevated atrial na-
triuretic peptide concentrations, probably due to hyper-
volemia, which may contribute to the elevated natriuresis
of SIADH and which decrease as water intake is restricted
(374). Likewise, the suppressed atrial natriuretic peptide
concentrations found in patients with central diabetes in-
sipidus, probably due to the associated hypovolemia, rise
after dDAVP therapy (374). However, hyponatremia in
some patients, primarily those with central nervous system
disorders including brain tumor, head trauma, hydroceph-
alus, neurosurgery, cerebral vascular accidents, and brain
death, may be due to the primary hypersecretion of atrial
natriuretic peptide (295, 377–379). This syndrome, called
cerebral salt-wasting, is defined by hyponatremia accom-
panied by elevated urinary sodium excretion (often more
than 150 mEq/l), excessive urine output, hypovolemia,
suppressed vasopressin, and elevated atrial natriuretic pep-
tide concentrations (>20 pmol/L). Thus, it is differentiated
from SIADH, in which normal or decreased urine output,
euvolemia, only modestly elevated urine sodium concen-
tration, and elevated vasopressin concentration occur. Di-
rect measurement of intravascular volume status with a
central venous line is often helpful. The distinction is im-
portant because the therapies of the two disorders are
markedly different. Treatment of patients with cerebral
salt wasting consists of restoring intravascular volume
with sodium chloride and water, as with the treatment of
other causes of systemic dehydration. The underlying
cause of the disorder, which is usually due to acute brain
injury, should also be treated if possible.

D. Other Causes of True and
Factitious Hyponatremia

True hyponatremia is associated with hyperglycemia,
which causes the influx of water into the intravascular
space. Serum sodium will decrease by 1.6 mEq/l for every
100 mg/dl increment in blood glucose above 100 mg/dl.
Glucose is not ordinarily an osmotically active agent, and
does not stimulate vasopressin release, probably because
it is able to equilibrate freely across plasma membranes.
However, in the presence of insulin deficiency and hy-
perglycemia, glucose acts as an osmotic agent presumably
because its normal intracellular access to osmosensor sites
is prevented (380). Under these circumstances, an osmotic

gradient exists, and this stimulates vasopressin release. In
diabetic ketoacidosis, this, together with the hypovolemia
caused by the osmotic diuresis secondary to glycosuria,
results in marked stimulation of vasopressin secretion
(381–384). Rapid correction of hyponatremia may follow
soon after the institution of fluid and insulin therapy.
Whether this contributes to the pathogenesis of cerebral
edema occasionally seen following treatment of diabetic
ketoacidosis is not known. Elevated concentrations of tri-
glycerides may cause factitious hyponatremia, as can ob-
taining a blood sample downstream from an intravenous
infusion of hypotonic fluid.

VI. CONCLUDING REMARKS

Precise regulation of water balance is necessary for the
proper function of multiple cellular pathways. Vasopressin
released from the posterior pituitary, stimulated by both
hyperosmolar and nonosmotic factors, acts via the kidney
V2 vasopressin receptor to stimulate both an increase in
aquaporin-2 expression and its insertion into collecting
duct luminal membrane, thereby enhancing renal water
reabsorption to minimize subsequent water loss. Thirst
controls the second major physiological response to hy-
perosmolality and results in increased water intake to
make up for past water loss. The renin–angiotensin–al-
dosterone and atrial natriuretic peptide systems also make
important contributions to water and volume regulation by
modulating sodium intake and output.

The proper diagnosis of disorders caused by deficient
and excessive action of vasopressin requires a thorough
understanding of the physiological regulation of this hor-
mone. Recent advances in molecular medicine have re-
vealed mutations in the vasopressin gene, and the V2 re-
ceptor or aquaporin-2 genes, responsible for familial
central and nephrogenic diabetes insipidus, respectively.
Molecular methods allow the diagnosis of these disorders
in the prenatal or early postnatal periods. Nevertheless,
the most frequent cause of central diabetes insipidus re-
mains a destructive lesion of the central nervous system
caused by tumor or neurosurgical insult, and pharmaco-
logical toxicity remains the most common cause of neph-
rogenic diabetes insipidus.

Hyponatremia is a common occurrence in childhood,
but is rarely due to a primary increase in vasopressin se-
cretion (SIADH). It is more commonly caused by hypo-
volemia (either primary or secondary to decreased effec-
tive vascular volume), salt loss, excessive ingestion of
hypotonic fluids, or cortisol deficiency. Hyponatremia due
to increased vasopressin action is most commonly caused
by excessive vasopressin administration during the treat-
ment of central diabetes insipidus or coagulopathies.

Central diabetes insipidus is best treated in infants
with fluid therapy, which avoids the administration of
vasopressin or its V2 receptor analog, dDAVP. In older
children, dDAVP is the drug of choice. Nephrogenic di-
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abetes insipidus remains a therapeutic challenge. Hypo-
natremia due to SIADH is best managed by restricting
water intake, whereas salt and water replacement are in-
dicated when hyponatremia is due to hypovolemia or ex-
cessive secretion of atrial natriuretic peptide, as occurs in
cerebral salt wasting. Hyponatremia causing central ner-
vous system dysfunction is a medical emergency. Blood
sodium must be raised promptly, but at a rate not greater
than 0.5 mEq/l to avoid the occurrence of central pontine
myelinolysis.
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I. 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 h 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 re-
vealed respiratory alkalosis, an ammonium level was ob-
tained. The value was 1600 �M (normal up to 80). Blood
was sent for analysis of plasma amino acids and he was
treated with sodium benzoate, sodium phenylacetate, ar-
ginine, and a high glucose infusion rate (GIR). Citrulline
levels were 2300 �M and the arginine dosage was ad-
justed for the treatment of argininosuccinic acid synthe-
tase deficiency. The patient improved and was discharged
after 2 weeks on a special diet. His family history revealed
that a brother had died at 5 days of age. He had also
presented with poor suck and lethargy early in life, was
admitted to a hospital, had seizures and lapsed into coma.
The diagnosis was sepsis.

This story shows two dramatically different outcomes
for two siblings who, undoubtedly, had the same disease.
Inborn metabolic diseases (IMD) 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., aminoacids) or large molecules (i.e., sphin-
golipids). Many patients present with a catastrophic col-
lapse in the neonatal period. However, the age and clinical
presentation of patients with 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 heteroge-

neity has even been observed between siblings carrying
the same mutations. Nevertheless, when possible, the mo-
lecular defect of the patient should be identified. This in-
formation is useful for prenatal diagnosis and, in some
cases, may allow one to predict the clinical course of the
disease (genotype–phenotype correlation), helping one to
find the best therapeutic option for each individual.

A complete description of the different IMD can be
found in excellent textbooks (2–4). 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.

II. UREA CYCLE DEFECTS

A. Pathophysiology: The Urea Cycle

High ammonium levels can be found in a variety of dis-
eases, but the most severe causes of hyperammonemia are
the urea cycle defects (UCD) (Table 1). The urea cycle
prevents the toxic accumulation of ammonium and other
nitrogen compounds by incorporating nitrogen not used
for protein synthesis into urea. Each molecule of urea con-
tains two atoms of waste nitrogen: one derived from am-
monia and the other from aspartate (5,6) (Fig. 1). The urea
cycle is also responsible for the biosynthesis of arginine.
Abnormalities in the urea cycle produce hyperammonemia
and elevation of glutamine. The former may have a del-
eterious effect on the central nervous system (CNS)
through different mechanisms, including alteration in traf-
ficking of amino acids and monoamines between neurons
and astrocytes, as well as deficit in cerebral energy me-
tabolism due to inhibition of 2-ketoglutarate-dehydroge-
nase (5,7). High levels of glutamine produce an intracel-
lular osmotic effect with secondary swelling of astrocytes
and increased intracranial pressure, which is clinically ex-
pressed by acute encephalopathy (5,7,8,9).
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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

Lysinuric protein intolerance
Hyperammoniemia–hyperornithinemia–homocitrullinuria

syndrome
Glutamato dehydrogenase deficiency (hyperammonemia and

hyperinsulinism)
Mitochondrial diseases: Mitochondrial DNA depletion, and

others
Pyruvate carboxylase deficiency (neonatal form)

Acquired causes

Transient hyperammonemia of the newborn
Muscular hyperactivity (seizures, respiratory distress syn-

drome)
Infections with urease positive bacteria (skin, intestine, uri-

nary tract)
Asparaginase treatment
Deficient arginine supply in diet
Treatment with valproate and other anticonvulsants
Hepatocellular carcinoma
Liver insufficiency: Reye syndrome, infections, intoxication,

and others
Portocava shunt (liver bypass): Vascular malformations, cir-

rhosis

Figure 1 The urea cycle and alternative pathways of nitro-
gen excretion. Enzymes: 1, carbamyl phosphate synthetase;
2, ornithine transcarbamylase; 3, argininosuccinate synthe-
tase; 4, argininosuccinate lyase; 5, arginase; 6, N-acetylglu-
tamate synthetase. Enzyme defects are shown by solid bars
across the arrows. (From Ref. 6.)

There are five enzymes involved in the urea cycle
(Fig. 1): carbamylphosphate synthetase (CPS), ornithine
transcarbamylase (OTC), argininosuccinic acid synthetase
(AS), argininosuccinic acid lyase (AL), and arginase. Be-
cause N-acetylglutamate (NAG) is required for the activ-
ity 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.

B. Clinical Presentation

1. Neonatal Form
Patients with UCD can present with symptoms from birth
to adulthood. Neonatal presentation is the most common
and is due to a complete deficiency of CPS, OTC, AS, or

AL, all of which have almost identical clinical expression
(5,6). These patients are usually born at full term and have
a normal physical exam at birth. Between the first 24 and
72 h, depending on protein intake, the neonate presents
with poor suck, vomiting, and hypotonia followed by leth-
argy, seizures, vasomotor instability, hypothermia, and
coma. Slight liver enlargement and hyperventilation are
also constant findings. AS-deficient patients may present
with hypertonicity and trismus; 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, respiratory dis-
tress, and/or intracranial bleeding (5,6).

Although infrequent, NAG synthetase deficiency can
also have a similar severe neonatal course, but its clinical
presentation appears to be variable (5,10).
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2. Late-Onset Form
Beyond the neonatal period, the clinical expression of
UCD is highly variable, depending on the degree of the
enzyme defect, nitrogen intake, and endogenous catabo-
lism. Common presentations are intermittent episodes of
vomiting associated with headaches, irritability, agitation,
ataxia, and/or lethargy, sometimes progressing to coma.
Recovery from these episodes may be complete, or with
different degrees of neurological sequelae. These episodes
can be triggered by an exogenous protein load or in-
creased endogenous catabolism (i.e., fever, fasting, steroid
treatment, surgery, etc.). Strokelike episodes and central
pontine myelinolysis have been reported in patients with
OTC deficiency (11,12). Hepatomegaly is common in AS
deficiency and severe liver involvement, mimicking a
Reye’s syndrome has been described in several urea cycle
defects (1,5,6). Brittle hair (trichorrhexis nodosa) is char-
acteristic of AS- and AL-deficient patients.

A history of anorexia, poor weight gain and a self-
imposed protein restriction is frequently overlooked in
these patients.

Female carriers for OTC deficiency can have a similar
variability in clinical presentation, ranging from com-
pletely asymptomatic to severe neonatal hyperammone-
mia, due to the different degree of Lyonization in the he-
patocytes (5,13). Some of these women have presented
with severe hyperammonemia in the postpartum period
(14).

Common misdiagnoses of the late presentation of
UCD include migraine, cyclic vomiting, esophageal re-
flux, food allergies, behavioral problems, or hepatitis
(5,6).

Clinical presentation of arginase deficiency differs
from the other urea cycle defects. The disease is charac-
terized by chronic encephalopathy progressing to spastic
tetraplegia, seizures, and microcephaly. Episodic vomiting
and hyperammonemia are less common (5,15).

C. Diagnosis

In the severe neonatal presentation, or during the acute
decompensation in the late-onset forms, the most impor-
tant biochemical finding in patients with NAGS, CPS,
OTC, AS, or AL deficiency is severe hyperammonemia
(usually greater than 300 �M), with low blood urea ni-
trogen (BUN) and slight or moderate elevation in liver
transaminase levels. It is important to note that in common
diseases of the neonatal period such as sepsis, seizures, or
asphyxia, ammonia levels rarely exceed the 200 �M level.
Also ammonia levels can be falsely elevated if specimens
are not collected and processed properly. Respiratory al-
kalosis, due to the toxic effect of the ammonia to the
respiratory center, is another key to the diagnosis (5), but
this sign is frequently overlooked. More rarely, patients
with UCD can present with metabolic acidosis, probably
secondary to dehydration. When severe hyperammonemia

in a sick neonate is found, quantitative measurements of
plasma and urine amino acids (AA), acylcarnitines (AC),
urine organic acids analysis (UOA) and orotic acid should
be performed as soon as possible. Diagnosis of the spe-
cific block 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 (5,6) (Fig.
1). In OTC deficiency, the accumulated carbamyl phos-
phate will be diverted to the pyrimidine synthetic path-
way, producing an increased excretion of orotic acid (and
orotidine), which is the basis for the differential diagnosis
between OTC and NAGS or CPS deficiencies (5,6,16).
Orotic acid can also be increased in AS, AL, and arginase
deficiencies but in lesser amounts. Uracil, another pyrim-
idine, may be found in the UOA of these enzyme defi-
ciencies. Differentiation between NAGS and CPS requires
assessment of CPS enzyme activity in hepatocytes and/or
an oral load with N-carbamyl glutamate, an analog of N-
acetyl glutamate (6).

Patients with AS deficiency have markedly increased
citrulline levels (usually more than 1000 �M) and patients
with AL deficiency have milder elevations of citrulline
(100–300 �M) and increased levels of argininosuccinic
acid (5). The latter is detected more easily in urine than
in serum amino acids. Other abnormalities in the amino
acid profile, common to all of the above-mentioned en-
zyme deficiencies, are increased glutamine and alanine,
due to nonspecific nitrogen accumulation; and decreased
arginine and ornithine, due to the impaired arginine bio-
synthesis (5,6).

In arginase deficiency, in contrast, hyperammonemia
is uncommon and the characteristic serum AA profile
shows a marked elevation of arginine. Urine amino acids
also show a marked elevation of arginine with milder in-
crease in lysine, cystine, and ornithine (15). A liver bi-
opsy, for measurement of enzyme activity, is seldom nec-
essary for diagnostic purposes, except for the differential
diagnosis between NAGS and CPS as mentioned above.
The most common differential diagnoses of UCD are tran-
sient hyperammonemia of the newborn (THAN), organic
acidemias (OA), and fatty acid oxidation (FAO) defects.
Patients with THAN are usually preterm babies who pre-
sent in the first 24 h of life with respiratory distress and
severe hyperammonemia (even higher than in UCD) (17).
Neonates with OA (mainly propionic and methylmalonic)
classically present with metabolic acidosis with high anion
gap, ketonuria and hyperammonemia. The latter can be as
severe as in the UCD. In exceptional cases, metabolic ac-
idosis and ketonuria may be absent but AC and/or UOA
are diagnostic (see review organic acidemias, below).

Children with FAO defects can present as neonates
but, in general, hyperammonemia is not severe and hy-
poketotic hypoglycemia and severe liver or cardiac in-
volvement are common in these patients. Acylcarnitines
are the main tool for their diagnosis (see review of fatty
acid oxidation defects, below).
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Table 2 GIR Calculated from Different Glucose
Concentrations (D%) and Fluid Infusion Rates (ml/kg)a

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

aConcentrations of dextrose greater than 12.5% should not be used
through a peripheral vein.

Table 3 Calories/kg/day Provided
at Different GIRa

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

aThe 3.4 Cal provided by 1 g intravenous
glucose was used for the calculations.

Other causes of hyperammonemia are outlined in
Table 1 (5,6,18,18a).

Diagnosis of UCD in patients out of crisis is more
difficult, specially for the female heterozygous for OTC
deficiency. Amino acid levels in these female patients are
slightly different from normal controls (14,19), but might
still fall within the normal range, even during a mild crisis
Enzyme activity measured in liver biopsy samples is un-
reliable (5). The allopurinol test is useful for diagnosis
and carrier detection, but it might not be completely spe-
cific (5,19,20). When possible, mutation analysis of the
OTC gene should be done. Even though the majority of
mutations are private, recent information allows for the
establishment of some degree of genotype to phenotype
correlations (21,22). This information is also essential for
prenatal diagnosis.

D. Treatment: The Acute Episode

For teaching purposes we classify treatment of this emer-
gency into three areas: supportive therapy, anabolism, and
detoxification.

1. Supportive Therapy
A hyperammonemic episode is a life-threatening condition
with risk for severe brain damage. Nitrogen intake should
be discontinued. A central venous line should be placed
for intravenous (IV) infusion and an arterial line should
be available for blood drawing and blood pressure mon-
itoring. The hemodialysis team should be alerted. Blood
samples for measurement of ammonia, blood gas, elec-
trolytes, BUN, glucose, and calcium should be obtained
prior to the beginning of the treatment and every 4–6
h thereafter. If intracranial pressure is elevated, therapy
with mannitol can be started. Corticosteroids should be
avoided, as they will produce a negative nitrogen balance
(5). Many patients are dehydrated due to the previous his-
tory of vomiting and poor feeding. However, IV fluids
should be given cautiously, since cerebral edema is fre-
quently present in severely ill patients. Infections should
be searched for and treated accordingly.

2. Anabolism
In order to decrease endogenous protein catabolism, cal-
ories to cover at least the basal energy expenditure should
be provided (60 Cal/kg/day in newborns) (23) 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), for which a central line is required. The dif-
ferent GIR and calories delivered using different concen-
trations of dextrose are listed in Tables 2 and 3. In less
severely ill patients who can tolerate oral or nastogastric
feedings, IV calories can be supplemented by using glu-
cose polymers (10% solution) or one of the protein-free
powders available: Pro-Phree (Ross Laboratories, Colum-
bus, OH), Mead-Johnson 80056 (Mead Johnson Labora-

tories, Evansville, IN). If the gastrointestinal (GI) tract
cannot be used, IV lipids (0.5–2 g/kg/day) can be given
as long as sepsis is not present and liver enzyme and tri-
glyceride levels are within normal limits.

3. Detoxification
Hemodialysis is the treatment of choice for severe hyper-
ammonemia and can usually normalize ammonium levels
in less than 24 h (5,24). If that is not possible, continuous
hemodiafiltration, hemofiltration, peritoneal dialysis, or
exchange transfusion, in that order, are the alternatives
(25,26). Pharmacological treatment with sodium benzoate
and sodium phenylacetate should be carried on until di-
alysis procedures are available. These drugs activate al-
ternative pathways for nitrogen excretion. After being
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esterified to their CoA-esters, sodium benzoate and phe-
nylacetate will produce hippurate and phenylacetylglu-
tamine, respectively. The latter two compounds are ex-
creted through the urine, diverting nitrogen from the urea
cycle (5,27) (Fig. 1). Intravenous preparations are rec-
ommended for the acutely ill patient by giving a priming
infusion of 250 mg/kg in 25–35 ml/kg of 10% dextrose
solution over 90 min, followed by a sustaining infusion
of 250 mg/kg given over 24 h in maintenance fluids (5).
Lower dosages (5.5 g/m2 in 400–600 ml/m2) are used in
older patients. When D10% is used to prepare the priming
infusion, the resulting GIR infusion is very high (28–39
mg/kg/min), and we have observed hypoglycemia with
hyperinsulinism 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 impor-
tant that dosages of the IV medications be carefully cal-
culated as cases of overdose with toxic effects have been
reported (28). Because drug levels in blood are not rou-
tinely measured, we have evaluated levels of benzoylcar-
nitine by tandem mass spectrometry as a rapid and simple
means of estimating the benzoate levels.

Sodium benzoate and sodium phenylacetate provide
6.9 and 6.4 mEq sodium/g, respectively. Therefore, the
amount of sodium given to the patient with both drugs in
24 h will be approximately 6.7 mEq/kg. The use of these
salts can produce potassium loss (5), which, in association
with the increased potassium uptake secondary to the high
GIR, may result in hypokalemia. Therefore, serum elec-
trolyte levels must be followed closely, and IV fluids ad-
justed 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 or sodium phenylbutyrate can be given
via NG tube. Sodium phenylbutyrate is converted into
phenylacetate in the body and is twice as effective as so-
dium benzoate on a molar basis. Recommended dosages
are up to 500 mg/kg/day for sodium benzoate and up to
600 mg/kg/day for sodium phenylbutyrate (5,6,27).

Arginine, which becomes an essential amino acid in
UCD, should also be provided. The recommended dosage
is 210 mg/kg/day for CPS, OTC, and AS deficiencies and
660 mg/kg day for AL deficiency (4.0 and 12.0 g/m2 re-
spectively, for older patients). It is also recommended to
give a priming infusion over 90 min followed by a sus-
taining infusion, of a similar dosage, given over 24 h (5).
An IV preparation of arginine HCl (10% solution) is avail-
able. As an alternative, oral arginine can be given diluted
in water via NG tube. A side effect of the treatment with
arginine HCl is the development of hyperchloremic met-
abolic acidosis, 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.

E. Long-Term Management

When ammonia levels are close to normal, protein can
be added to the parenteral nutrition at an initial dosage
of 0.5 g/kg/day. Nasogastric (NG) or oral (PO) feeds can
be started as soon as the clinical condition is stable. Pro-
tein can be then provided by administration of an infant
formula, increasing the intake gradually according to am-
monium levels. In general 1.5–2 g/kg/day can be given
to newborns and young infants, but protein tolerance de-
creases after 6 months of age. The use of special for-
mulas with essential amino acids mixtures, to provide
about 50% of the total protein intake, is recommended
for OTC and CPS and could also be used in AS and AL
deficiencies. This approach is used to meet the require-
ments for essential amino acids 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 powders available (see
above). As an alternative, glucose polymers and oil can
be added to the infant formula as a source of calories.
Minerals, vitamin, and trace element requirements
should be met and enough water must be added to meet
the patient’s needs and maintain the caloric density at
20–24 Cal/oz. Hyperosmolar preparations may cause di-
arrhea. The diet should be adjusted frequently to ensure
weight gain and growth. Protein and calorie requirements
per kg 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, arginine, and serum plasma protein
levels should be maintained within normal limits; plasma
glutamine should be below 1000 �M (5).

Because carnitine deficiency may develop in patients
with UCD (27), carnitine should be given to these pa-
tients (50–100 mg/kg/day, divided in three doses). The
dosage should be adjusted according to free carnitine
levels.

When PO intake is satisfactory, the appropriate med-
icines for long-term treatment (sodium phenylbutyrate, ar-
ginine, and/or citrulline) can be given orally, mixed with
the formula. Recommended dosages of sodium phenyl-
butyrate are 0.45–0.60 g/kg/day for newborns and young
children, and 9.9–13.0 g/m2/day for older patients. When
phenylbutyrate is not available, sodium benzoate 0.25–
0.5 g/kg/day can be prescribed as alternative. These de-
toxifying agents might not be needed in patients with AL
deficiency (5,6).

Arginine (free base) is given at a dosagee of 0.40–
0.70 g/kg/day for young children and 0.8–15.4 g/m2/day
for older patients. The dosage can be adjusted to maintain
normal arginine levels for age. Patients with AS and AL
deficiencies require the higher dosages. In patients with
severe CPS or OTC deficiencies, arginine can be substi-
tuted by citrulline, 0.17 g/kg/day or 3.8 g/m2/day, accord-
ing to age. Citrate has been also used to provide a sub-



792 Abdenur

strate 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 (29).

The outcome for patients with UCD remains very
guarded. In general it depends on the disease, age at di-
agnosis, residual enzyme activity, and compliance with
treatment (5,6,30,31). Neurological damage may be di-
rectly related to the duration and degree of the initial hy-
perammonemic episode; therefore, neurological impair-
ment is common in almost all forms with neonatal
presentation. Patients with AS deficiency seem to have a
better prognosis than OTC- or CPS-deficient patients (5).
It is surprising that AL patients appear to have poor out-
come in spite of infrequent decompensations (31). Pro-
spective treatment of children with confirmed prenatal di-
agnosis or at risk of having UCD has been more effective
in patients with AS and AL than in OTC and CPS defi-
ciencies (32). Liver transplantation has been performed in
several patients. Correction of the hyperammonemia can
be obtained but neurological outcome is mainly related to
the condition prior to transplantation (31,33). Further
studies are still needed to confirm long-term benefits of
this therapeutic approach. Efforts to develop gene therapy
for UCD are underway (34,35).

III. ORGANIC ACIDEMIAS

A. Pathophysiology

Organic acidemias (OA) are a group of IMDs character-
ized by an abnormal accumulation of one or more organic
acids in body fluids. The majority of the OA are due to
defects in the catabolic pathways of AA. However, be-
cause the site of the enzymatic block is far from the step
where the amino group is lost, AA do not accumulate.
The fatty acid oxidation defects and the primary lactic
acidemias, which also produce abnormal amounts of or-
ganic acids, are described in other sections of this chapter.

For teaching purposes we can classify the OA into
three groups (Table 4). The first one includes defects in
the metabolism of branched-chain aminoacids. In general,
they present with acute ‘‘intoxication-like’’ episodes dom-
inated by metabolic acidosis and increased anion gap (1,
36,37).

In the second group, the clinical picture is character-
ized by a progressive neurological deterioration (38,39,
40). These patients appear to be normal in infancy or early
childhood. Thereafter, mental retardation, movement dis-
orders, ataxia, and/or seizures become apparent. Some of
these OA have characteristic neuroradiological findings
(38,41,42,43). The most common of these conditions, and
one of the most common organic acidemias, is glutaric
aciduria type 1 (glutaryl-CoA dehydrogenase deficiency)

(38,41,44). 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 episodes of acute metabolic decompensation are absent
(45).

In the third group we have listed miscellaneous dis-
orders that are usually diagnosed based on the UOA but
have a clinical presentation that differs from the other two
groups. In the same group we have included OA with a
still unknown enzymatic defect.

For the purpose of this chapter we will focus on the
organic acidemias due to defects in branched-chain AA
metabolism. They are inherited as autosomal recessive
conditions and have a variable phenotype (Fig. 2; Table
4). The most common are isovaleric acidemia (IVA),
propionic acidemia (PA), and methylmalonic acidemia
(MMA).

Isovaleric acidemia, a defect of leucine metabolism,
results from a deficiency of isovaleryl-CoA dehydroge-
nase. Patients with IVA accumulate isovaleric acid and
isovaleryl-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 (36,37,46).

PA results from a defect in propionyl-CoA carbox-
ylase, a biotin-dependent enzyme (37,60); and MMA from
a deficiency of methylmalonyl-CoA mutase. Activity of
the latter could be impaired due to defects in the mutase
itself (mut� or mut�) or due to defects in the synthesis of
its cofactor, adenosylcobalamin (37,61–65). Both PA and
MMA accumulate propionyl-CoA, which derives from the
catabolism of valine, isoleucine, threonine, methionine,
odd-chain fatty acids, and cholesterol side-chain and is
also produced by the anaerobic gut flora (87, 88). In gen-
eral, patients with OA accumulate acyl-CoA esters and
organic acids in the mitochondria. These abnormal metab-
olites inhibit several mitochondrial enzymes, leading to a
series of secondary biochemical abnormalities (61). Inhi-
bition of N-acetyl-glutamate-synthetase and carbamyl
phosphate synthetase are responsible for the hyperam-
monemia, which usually correlates with the level of or-
ganic acid accumulation (89,90). Impairment of pyruvate
carboxylase and the shunt of malate explain the hypogly-
cemia and ketosis found in these patients, and inhibition
of the glycine cleavage system may be responsible for the
hyperglycinemia (61). Decreased ATP synthesis and hy-
perlactacidemia may result from inhibition of citrate syn-
thase and pyruvic dehydrogenase (37).

B. Clinical and Common Laboratory
Manifestations

The clinical presentation of patients with OA can be or-
ganized schematically into a severe neonatal form with
metabolic distress, a chronic intermittent late-onset form,
and a chronic progressive form (37). Asymptomatic pa-
tients have been found as a result of screening programs
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and studies performed in relatives of affected individuals
(36,37).

1. Neonatal Form
This is the most common and severe. The usual presen-
tation is a neonate with a history of normal pregnancy,
delivery, and a short disease-free period, who presents
with poor sucking, vomiting, respiratory distress, hypo-
tonia or dystonia, lethargy, and coma. These symptoms
are usually attributed to sepsis or, in less severe cases,
pyloric stenosis (1,37). Mild dehydration is frequent in
MMA and PA (due to vomiting and osmotic diuresis) and
a strong sweaty feet odor in urine and skin is present in
patients with IVA. Seizures and a Reye’s-like syndrome
can be present in severely ill patients (1,37). Neutropenia,
thrombocytopenia, or pancytopenia is frequent and acute
pancreatitis has been diagnosed in decompensated patients
with OA (91–93). Other complications include infections,
generalized staphyloccocal epidermolysis, and alopecia
(37,94–96). Acute basal ganglion dysfunction should be
suspected in any patient with sudden onset of dystonia
and/or movement disorder. The globus pallidum is more
frequently affected in MMA and PA (37,97–99), while
abnormalities in the caudate and putamen are the most
frequent basal ganglia involved in patients with glutaric
aciduria type I (38,41,44,67).

The most characteristic biochemical abnormalities are
metabolic acidosis, with elevated anion gap and ketosis.
Mild hyperammonemia (200–500 �M) is usually present
but levels could be as high as those in patients with urea
cycle defect (>1000 �M) (89,90). Mild hyperlactacidemia
and hypocalcemia, probably due to parathyroid hormone
(PTH) resistance, are common (37,96). Amylase and li-
pase are increased if pancreatitis is present (91–93).
Blood glucose levels are usually low, but in some patients
they may be high, even before IV fluids have been started
(100,101). This is particularly frequent in patients with
ketolysis defects (i.e., 2-methyl-acetoacetyl-CoA thiolase,
succinyl-acetoacetate-CoA-transferase deficiencies), who
can present with hyperglycemia and ketosis resembling an
episode of diabetic ketoacidosis (52). In contrast, patients
with 3-OH 3-methyl glutaryl-CoA lyase deficiency, a de-
fect affecting leucine catabolism and ketone bodies syn-
thesis, present with metabolic acidosis (characteristic of
OA) and hypoketotic hypoglycemia (characteristic of fatty
acid oxidation defects) (51–52).

2. Late-Onset Form
In the intermittent, late-onset form, patients present with
recurrent attacks of coma or lethargy with ataxia or dys-
tonia. Acute hemiplegia, hemianopsia, and cerebellar
hemorrhage have also been described (36–37). Increased
protein intake or endogenous catabolism, due to an inter-
current illness, may trigger these crisis. The first attack
may present at several months or years of age, or even in
adolescence or adulthood, and has frequently been pre-

ceded by episodes of dehydration, anorexia, vomiting,
failure to thrive, hypotonia, developmental delay, and/or
other symptoms (37,102,103). Between attacks, clinical
and laboratory evaluations may appear normal. However,
the laboratory profile obtained during the attacks is similar
to that described for the severe neonatal form, with the
exception of hyperammonemia, which is less frequent
(37).

3. Chronic Form
The chronic progressive form is characterized by persis-
tent anorexia, failure to thrive, and vomiting. These symp-
toms are frequently attributed to gastrointestinal problems.
Renal Fanconi syndrome or osteoporosis may develop.
Hypotonia and muscle weakness can be present, mimick-
ing congenital or metabolic myopathies. Developmental
delay, progressive mental retardation, self-mutilation, and
seizures sometimes accompany the above-mentioned
symptoms (1,36,37,104).

C. Diagnosis

The most important test is the analysis of UOA performed
by gas chromatography and mass spectrometry (GC/MS).
Diagnostic possibilities of this test greatly increase if the
urine is collected during the acute episode, when the char-
acteristic profile for each OA is most likely to be found
(45,105). In an acutely sick patient, the laboratory per-
forming the test must be alerted so that the result can be
available as soon as possible. Typical UOA profiles show
elevated excretion of 3-OH-isovaleric acid and iso-
valerylglycine in IVA; and 3-OH-propionic acid, 3-hy-
droxyvaleric acid, methylcitrate, tiglylglycine and pro-
pionylglycine in PA. In MMA, there is a large increase of
methylmalonic acid, with or without mild elevation of
some of the propionate metabolites (37,45). Ketone bodies
(3-OH-butyrate and acetoacetate) may be increased in de-
compensated patients with any of the above-mentioned
OA. Another reliable and fast methodology for the diag-
nosis of several OA is the analysis of AC by tandem mass
spectrometry (TMS). This methodology is highly sensitive
and can be performed in blood spots on filter paper (Guth-
rie card), plasma, urine, or cerebrospinal fluid (CSF)
(106–107). AC analysis allows the diagnosis of more than
20 different diseases (OA, fatty acid oxidation defects,
and aminoacidopathies) and is being used not only for the
diagnosis of symptomatic patients but also for mass new-
born screening (108–110). Abnormal profiles can even be
obtained from cord blood in asymptomatic newborns
(111–112).

A typical AC profile shows a large increase of iso-
valerylcarnitine in IVA. However, other AC species, such
as pivaloylcarnitine and 2-methylbutyrylcarnitine, have
the same molecular weight and should be considered
when the profile is being interpreted (53,113). In PA and
MMA there is a large increase of propionylcarnitine. A
slight increase of methylmalonylcarnitine is also usually
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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-
methylbutyryl-CoA-dehydrogenase; 7, 2-methyl-3-hydroxy-
butyryl-CoA dehydrogenase; 8, 2-methyl acetoacetyl-CoA
thiolase (B-keto-thiolase); 9, Isobutyryl-CoA-dehydrogenase;
10, 3-OH isobutyryl-CoA deacilase; 11, 3-OH isobutyric-acid
dehydrogenase; 12, Methylmalonate semialdehyde dehy-
drogenase; 13, Succynyl-CoA: 3-ketoacid CoA transferase;
14, Acetyl CoA carboxylase (cytosolic); 15, Malonyl-CoA
decarboxylase; 16, Propionyl-CoA carboxylase; 17, Methyl-
malonyl-CoA mutase, cobalamin defects A, B, C, D, and F;
18, 3-OH-butyric-acid dehydrogenase; 19, 3-OH 3-methyl
glutaryl-CoA synthase. (Adapted from Ref. 37.)

present in the latter. It is important to consider that the
increase in diagnostic AC species is limited in patients
with severe carnitine deficiencies.

Acylglycines by GC/MS stable isotope dilution or
TMS may also be used for diagnosis (53,105,113a).

Quantitative AA usually show a nonspecific elevation
of glycine. Glutamine is also elevated, reflecting the hy-
perammonemia usually seen in these patients, with the
exception of PA (113b,113c). Total and free carnitine lev-
els are low, with elevation of the acylcarnitine/free car-
nitine ratio (37).

D. Treatment: The Acute Episode

Rapid recognition and treatment of the acute metabolic
decompensation in patients with OA can be life-saving.
Treatment should provide supportive therapy, promote
anabolism, and remove the offending toxins and should
be carried out in specialized centers (37,114).

1. Supportive Therapy
The treatment will depend on the patient’s clinical con-
dition. A central line to ensure IV access and an arterial
line for blood pressure monitoring and frequent blood
drawing should be placed. Assisted ventilation, inotropics,
albumin, and/or blood products are frequently needed.

Acutely ill patients with OA are usually dehydrated
due to poor intake, vomiting, hyperventilation, and in-
creased urinary losses. After fluid resuscitation is pro-
vided, IV hydration should be aimed at correcting dehy-
dration over a period of 48 h. Rapid rehydration should
be avoided due to the risk of cerebral edema. If pH is less
than 7.20, metabolic acidosis should be only partially cor-
rected with sodium bicarbonate at an initial dosage of 1–
3 mEq/kg, repeated as needed. Overcorrection of the met-
abolic acidosis should be avoided, since this can increase
cerebral edema. In severely acidotic patients sodium over-
load can be prevented by giving 30–50% of the sodium
requirements as sodium bicarbonate instead of sodium
chloride.

Blood gases, electrolytes, BUN, glucose, calcium,
ammonium, and urine ketones should be monitored every
2–4 h. Initial potassium levels are usually normal or high
in acutely ill patients, but these levels might be artificially
increased due to the acidosis. In fact, potassium require-
ments are elevated due to the usual history of vomiting
that precedes the admission and to the treatment with a
high GIR and insulin (see below). Liver function tests,
creatinine, amylase, and lipase levels should be checked
initially and repeated as needed. Acute pancreatitis should
be treated when present (91–93). Cultures should be ob-
tained and antibiotics started. Staphylococcal and Candida
infections should be considered in the differential diag-
nosis, and complete blood count (CBC) and platelet count
should be evaluated daily.
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2. Anabolism
It has been shown that endogenous production is an im-
portant source of abnormal metabolites in nonacutely ill
patients with OA. This production is probably due to pro-
tein turnover (115,116) and is increased by fatty acid
breakdown and intestinal production of propionate in pa-
tients with PA and MMA (87,88). These endogenous
sources of toxic metabolites become even more important
in severely ill patients and treatment should be aggressive
to decrease their production (37). Oral intake is usually
not possible and IV nutrition should be used to promote
anabolism. Initially, this goal can be partially achieved by
giving a high GIR to provide at least 8–10 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 during the decom-
pensation (117). Patients with OA can develop hypergly-
cemia and glycosuria, even with low GIR. We have doc-
umented an inadequate insulin response to hyperglycemia
during the acute decompensation (118), which may or not
be associated with pancreatitis (91). If hyperglycemia de-
velops, insulin should be used (37,119). 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 8–10 mg/kg/min, a dosage of 0.10–
0.15 U/kg/h is enough to control hyperglycemia, but it is
advisable to start with a lower dosage (0.05 U/Kg/h) and
to adjust it according to blood sugar levels. Insulin re-
quirements decrease when acidosis improves.

Plasma ammonia levels decrease in parallel with
those of the organic acids (90). Once acidosis has been
corrected and ammonia and transaminase levels are close
to normal, fats can be added to the treatment. If amylase
and lipase levels are high or oral intake is not possible,
IV lipids (Intralipid) should be used, starting at 0.5 g/kg/
day and increasing gradually to 2 g/kg/day. When the oral
route can not be used for more than 48 h, total parenteral
nutrition (TPN) should be considered. TPN has been suc-
cessfully used in chronic and acutely ill patients with OA
and allows an effective anabolism that cannot be achieved
with glucose and lipids alone (119,120). An ideal IV
amino acid mixture should contain lower concentration of
those AAs that are precursors of the increased organic acid
(i.e., leucine in IVA). Such preparations are not available
in the majority of the medical centers. As an alternative,
any available amino acid solution can be used cautiously.
We start with an amount that provides 30–50% of the
recommended intake of the AA involved in the metabolic
block. This amount can be increased gradually depending
on the results of blood gases, ammonium, and serum AA.
Levels of the abnormal metabolites in urine (UOA) or
blood (acylcarnitines) should also be evaluated to monitor
the response to treatment. With a high caloric supply from
carbohydrates and fat, an IV amino acid dosage of 1–1.5
g/kg/day can be achieved, but special mixtures, deprived
of the offending amino acids, might be required to supply

more protein. As patient improves, the oral/NG tube route
can be restarted (see section on long-term treatment).

3. Detoxification
In IVA and MMA, the organic acids are effectively ex-
creted through the urine. Therefore, detoxification proce-
dures should be indicated only in those severely ill pa-
tients who do not respond rapidly to treatment in spite of
maintaining a good urinary output (37,114). In contrast,
urinary excretion of propionic acid is poor, therefore de-
toxifying procedures should be considered early in the
treatment in patients with PA (37,121). The most effective
detoxification method is hemodialysis, which allows a
high clearance of organic acids, amino acids and ammo-
nium. Hemofiltration, peritoneal dialysis, or blood ex-
change transfusions can be used when the former is not
available. Continuous venovenous hemofiltration is well
tolerated by newborns or infants and allows rapid toxin
removal (114). Peritoneal dialysis is available in most cen-
ters and is more effective in newborns than children. The
dialysate should be warmed and buffered with bicarbon-
ate. Hypertonic solutions can be used when overhydration
is present. In those circumstances, hyperglycemia can de-
velop and insulin might be needed.

To treat the hyperammonemia, sodium benzoate (250
mg/kg/day) can be used alone, or in conjunction with
any of the above-mentioned detoxification procedures
(37,122). The amount of sodium provided through this
source should be accounted for when the daily sodium
requirements are calculated (see section on treatment of
urea cycle defects). Intravenous carnitine is another re-
source for toxin removal. This therapy will correct the
decreased levels of free carnitine, provide enough sub-
strate for the synthesis of nontoxic acylcarnitine com-
pounds (i.e., isovalerylcarnitine, propionylcarnitine, etc.)
that are excreted through the urine, and restore the intra-
mitochondrial levels of CoA (36,37). After obtaining a
sample for basal levels, a dosage of 100–400 mg/kg/day
(divided every 4–6 h) should be given. The highest dos-
age should be used in newly diagnosed patients who may
have severe carnitine depletion.

In patients with IVA, treatment with L-glycine in-
creases the conversion of isovaleryl-CoA to the nontoxic
compound isovalerylglycine, which is excreted through
the urine (36,123). Oral or nasogastric-tube supplemen-
tation of L-glycine (250–600 mg/kg/day, divided in four
to eight doses) prepared in a 100 mg/ml water solution
should be given during the acute episode (36,37). Another
potential resource for toxin removal is the administration
of cofactors: biotin (10–20 mg/day) in PA and hydroxy-
cobalamin (1–2 mg/day IM) in MMA (37). However, pa-
tients with severe neonatal presentation rarely respond to
vitamin treatment. Clinical improvement correlates with
correction of the metabolic acidosis, hyperammonemia,
and ketonuria. Patients with MMA may develop persistent
lactic acidemia due to chronic glutathione deficiency,
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which can be corrected with high dosages of vitamin C
(2 g/day) (124). Lactic acidosis secondary to thiamine de-
ficiency has been described in PA patients (125).

E. Long-Term Management

When the patient’s condition allows for it, PO or NG feed-
ings can be started. Natural protein is restricted to meet
the recommended amounts of the AAs involved in the
metabolic block, and can be initially provided with an
infant formula. Total protein requirements for age and
gender are achieved by adding special formulas devoid of
the offending amino acids (36,37).

Recent studies suggest that energy requirements
might be normal or even low in OA patients out of crisis
(126). However, energy intake should be adequate to meet
the patient’s needs for normal growth, to maintain anab-
olism when poor appetite is present, and also should cover
the increased requirements during intercurrent illnesses
(37). Caloric requirements can be met with the use of
protein-free powders (i.e., Prophree, Ross Laboratories;
80056, Mead Johnson; Duocal, SHS). As an alternative,
carbohydrate supplements or oil (except for olive oil in
PA and MMA patients) can be added to the formula when
these products are not available. Osmolarity of the final
preparation should be considered to prevent diarrhea.

Long fasting periods should be avoided (115) and di-
etary treatment should meet all the requirements for mi-
cronutrients and minerals. Iron and calcium supplements
are frequently needed. Oral carnitine (in IVA, PA, and
MMA) and/or glycine (for IVA) supplementation should
be maintained, and vitamin therapy should only continue
if a positive response has been documented. Metronid-
azole has been shown to be effective in decreasing the
production of propionate by the gut flora (37,88,127).
Recommended dosage is 10–20 mg/kg/day. Due to the
possible side effects of metronidazole (leukopenia, pe-
ripheral neuropathy, and pseudomembranous colitis), it
has been recommended to restrict its use to 10 consecutive
days every month (37). We have not seen adverse effects
after using the drug at 10 mg/kg/day daily for prolonged
periods of time.

The long-term prognosis varies depending upon the
particular OA, age at onset, response to vitamin therapy,
and residual enzyme activity. Several mutations have been
found (128–130), and clear genotype/phenotype has been
described for a particular group of MMA patients (131).

Family compliance, psychological adjustment, and
education are important for successful treatment. Naso-
gastric 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 such as intercurrent ill-
nesses, immunizations, anesthesia, or surgery (37,132,
133).

Reported long-term outcome has varied from a nor-
mal development to different degrees of neurological in-

volvement, including mental retardation and movement
disorders (134–140). Other long-term complications, in-
cluding poor growth, malnutrition, cutaneous lesions
(141), deficiency of trace elements (142), and osteoporosis
can be prevented if good metabolic control and proper
nutritional treatment can be achieved. Cardiomyopathy
has been reported in some patients with OA (37,56,143).
Tubular dysfunction and progressive renal insufficiency
are common in MMA patients (37,144–148). It is not
clear if these long-term manifestations can be prevented
with optimum metabolic control. Kidney transplantation
or combined kidney and liver transplantation have been
performed in several patients with MMA. In general, bet-
ter metabolic control and higher protein tolerance were
obtained, but decompensations, mental deterioration, or
acute basal ganglia lesions could not be prevented with
these treatments (149,151). Similar experience has been
reported for PA patients undergoing liver transplant
(140,152).

Early diagnosis and intensive treatment are key fac-
tors in improving long-term prognosis (36,37). Therefore,
the availability of newborn screening with tandem mass
spectrometry opens a new chapter for the outcome of
these diseases (108–111).

IV. FATTY ACID OXIDATION DEFECTS

A. Pathophysiology: Mitochondrial Fatty
Acid Oxidation

Mitochondrial fatty acid oxidation (FAO) disorders are a
relatively new group of IMD of increasing relevance. Un-
derstanding the FAO process is essential to interpret the
pathophysiology of these diseases and to develop ade-
quate strategies for treatment. FAO is the major source of
energy for skeletal muscle and the heart, while liver oxi-
dizes fatty acids (FA) primarily during fasting (153,154).
The FAO process begins when triglycerides, stored in ad-
ipose tissue, are broken down to glycerol and fatty acids,
mainly long-chain. The latter are transported in blood
bound to albumin and enter liver cells through a specific
transport system (155). Carnitine, an important metabolite
in fatty acid oxidation, is transported into the tissues by
a plasma membrane carnitine transporter (CT) specific for
kidney, muscle, and heart (153,154). 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 (156). Fatty acids are activated to their
corresponding acyl-CoA by specific acyl-CoA synthetases.
The resulting acyl-CoAs enter the mitochondria in differ-
ent ways, depending on their chain length. Short- (4–6
carbons) and medium-chain (6–10 carbons) acyl-CoAs
directly enter the mitochondrial matrix. In contrast, long-
chain acyl-CoAs (12–18 carbons) enter the mitochondria
through a complex active transport system (Fig. 3). Ini-
tially, long chain acyl-CoAs are conjugated to carnitine
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Figure 3 Enzymes and transporter proteins involved in mitochondrial oxidation of saturated straight-chain fatty acids. CT,
carnitine transporter; FATP, fatty acid transport proteins; AS, acyl-CoA synthetase(s); CPT I, carnitine palmitoyltransferase I;
TR, carnitine-acylcarnitine translocase; CPT II, carnitine palmitoyltransferase II; ETF, electron transfer flavoprotein; ETF-QO,
ETF-ubiquinone-oxidoreductase; 1, very long-chain acyl-CoA-dehydrogenase; 2, medium-chain acyl-CoA-dehydrogenase; 3,
short-chain acyl-CoA-dehydrogenase; 4, mitochondrial trifunctional protein (MTP): 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-hydratase (cro-
tonase); 6, short-chain 3-hydroxy-acyl-CoA-dehydrogenase; 7, medium-chain 3-ketoacyl-CoA thiolase; 8, hydroxymethylglu-
taril-CoA-sinthetase; 9, hydroxymethylglutaril-CoA-lyase (enzyme involved in ketogenesis and leucine metabolism);10, 3-OH-
butyric-acid dehydrogenase. CoA, Coenzyme A; CoASH, free CoA; FAD, flavin adenine dinucleotide; FADH, reduced form of
FAD.

by carnitine palmitoyl transferase I (CPT-I), located in the
outer mitochondrial membrane. There are two tissue-spe-
cific isoforms of CPT-I, hepatic and muscular, but only
patients with the hepatic form have been described so far
(154). Long-chain acylcarnitines are carried through the
intermembranous space by a carnitine–acylcarnitine
translocase (translocase). Finally, another enzyme, carni-
tine palmitoyl-transferase II (CPT II), bound to the inner
mitochondrial membrane, releases carnitine and long-
chain acyl-CoAs into the mitochondrial matrix (153,154).
Carnitine is recycled and acyl-CoAs of all chain lengths
undergo a series of cyclic enzymatic reactions (Fig. 3).

The first step in the mitochondrial FAO of saturated
straight-chain fats is a dehydrogenation of the acyl-CoA
to enoyl-CoA. This reaction is catalyzed by four related
enzymes, the acyl-CoA dehydrogenases (ACDs): very

long-, long-, medium-, and short-chain acyl-CoA dehy-
drogenases (VLCAD, LCAD, MCAD, and SCAD, re-
spectively), which differ in their chain-length specificity
(153,156). Nevertheless, there is some degree of overlap
in their activity. Recent data suggest that the main enzyme
involved with long straight-chain fatty acid metabolism is
VLCAD and that LCAD may play a role in the metabo-
lism of branched-chain fatty acids (157). All dehydroge-
nases have flavin adenine dinucleotide (FAD) bound at
the active site. Electrons released during these reactions
are channeled by the electron transfer flavoprotein (ETF),
a mitochondrial matrix enzyme with �- and �-subunits,
and the ETF-ubiquinone oxidoreductase (ETF-QO), a
component of the inner mitochondrial membrane that
feeds the electrons into the respiratory chain via ubiqui-
none (156,158). ETF and ETF-QO defects impair not only
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the dehydrogenases involved in fatty acid oxidation but
also those involved in the metabolism of branched-chain
aminoacids (valine, isoleucine, and leucine), lysine, hy-
droxylysine, tryptophan, and sarcosine.

In the second step of FAO, the enoyl-CoAs produced
by the ACDs are hydrated to hydroxyacyl-CoAs by an
enoyl-CoA-hydratase. Then, the hydroxyacyl-CoAs un-
dergo dehydrogenation to ketoacyl-CoAs by a hydroxy-
acyl-CoA dehydrogenase and finally there is a cleavage
of the thioester bond by an acyl-CoA ketothiolase (Fig.
3). This process completes one turn of the FAO cycle and
results in the release of acetyl-CoA and a new acyl-CoA
molecule that is two carbons shorter (153,156). 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
(159,160). This protein is an octamer composed of four
�- and four �-subunits. The �-subunits contain the long-
chain 3-enoyl-CoaA hydratase activity and the long-chain
3-hydroxy-acyl-CoA dehydrogenase (LCHAD) activities;
the � subunit has the long-chain 3-ketoacyl-CoA thiolase
activity (161).

Biochemical studies have identified two groups of
LCHAD-deficient patients. The first, and most common,
has an isolated LCHAD deficiency due to mutations in
the LCHAD coding region of the �-subunit gene. Activ-
ities of the other two enzymes of the trifunctional protein
are preserved in these patients. In the second group all
three enzyme activities are deficient (162). For shorter-
chain fatty acids, 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-ke-
toacyl-CoA thiolase (153,156).

The acetyl-CoA moieties produced during the FAO
are used as a source of energy through the tricarboxylic
acid cycle. Under fasting conditions, acetyl-CoA moieties
produced in the liver become the substrate for the synthe-
sis of ketone bodies that are used as fuel by several tis-
sues, including the brain. Two enzymes are involved in
ketone bodies synthesis: hydroxymethylglutaryl-CoA-syn-
thase and hydroxymethylglutaryl-CoA lyase (Fig. 3)
(52,163). The latter is also the final enzyme of leucine
catabolic pathway.

B. Clinical Presentation

Several enzymatic defects in FAO and ketogenesis have
been found in humans, all inherited as autosomic reces-
sive diseases. These defects have become one of the most
important group of IMD, due to the number of patients
and the severe outcome. In a series of 107 patients, Sau-
dubray et al. found that 50 patients and 47 siblings died,
30% within the first week and 60% before age 1 year
(164).

1. Main Clinical Features
The most common diseases are MCAD, LCHAD, and
MAD deficiencies, but it is possible that many patients
with long-chain fatty acid oxidation defects still die with-
out recognition of their underlying disease. Table 5 sum-
marizes the known defects in saturated straight-chain fatty
acid metabolism found in humans and their most distinc-
tive features. Clinical presentation in patients with FAO
defects ranges from completely asymptomatic to severe
malformations or unexplained sudden death in infancy or
adulthood. As expected by the important role of FAO in
liver, heart, and muscle the main clinical presentation of
FAO defects is dominated by symptoms related to these
organs. Neurological symptoms are also common during
the acute crisis and they might be in part related to hy-
poglycemia and impaired ketogenesis.

Neonatal presentations, including malformations,
lethargy, hypotonia, heart-beat abnormalities, liver in-
volvement, or sudden death, were thought to be limited
to CPT-II, translocase, and MAD deficiencies (158,
164,182) but neonatal cases of MCAD, LCHAD, and
VLCAD deficiencies have also been reported (164,
183,184). In classic cases, patients with FAO defects ap-
pear normal until the first episode of metabolic decom-
pensation occurs in infancy or early childhood. A history
of a dead sibling is common (164). The metabolic crisis
is characterized by vomiting, followed by lethargy, hy-
potonia, and slight liver enlargement. Respiratory distress
due to cardiac insufficiency and/or metabolic acidosis can
be present. A prolonged period of fasting, and/or hyper-
catabolism can trigger the episode. Symptoms are usually
erroneously attributed to an intercurrent illness or cyclic
vomiting syndrome (153,164). Patients can recover from
the initial crisis, and repeat another episode, remaining
asymptomatic in between. Liver insufficiency can be se-
vere, leading to a Reye-like syndrome, complicated by
hypothermia and gastrointestinal bleeding (185). Chole-
stasis has also been reported in patients with LCHAD de-
ficiency (164,175,186).

Cardiac involvement is characterized by hypertrophic
or, less commonly, dilated cardiomyopathy. Severe ar-
rhythmia (ventricular and supraventricular tachycardia,
ventricular fibrillation), conduction defects (bundle branch
block, atrioventricular (AV) block, sinus node dysfunc-
tion), and cardiac insufficiency can be found in neonates,
especially in those with CPT-II, translocase, and LCHAD
deficiencies (154,164,170,182), which are diseases in
which there is an accumulation of long-chain-acyl-CoAs
and long-chain acylcarnitines. Heart-beat disorders have
not been observed in CT, CPT-I, or MCAD deficiencies.
Pericardial effusion and endocardial fibroelastosis have
been described (187).

Symptoms of skeletal muscle involvement have been
described for the majority of the FAO defects, and they
are especially common in patients with CPT II-adult
type-, LCHAD and mild MAD deficiencies. Usual mani-
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festations are hypotonia and/or progressive proximal
weakness. Acute episodes of muscle pain or cramps, fa-
tigue, and/or exercise intolerance with rhabdomyolysis
can appear in response to stress, prolonged exercise, or
cold, and can produce acute renal failure. Muscle involve-
ment has not been associated to CPT-I deficiency
(154,164,188). Malformations are mainly associated with
MAD deficiency, but have also been described in CPT-II
deficiency. Most common dysmorphic features are a high
forehead, wide-spaced eyes, and low-set ears, resembling
a Zellweger syndrome. Renal dysplasia (polycystic kid-
neys) and brain malformations have also been reported
(153,158,164).

Retinitis pigmentosa and peripheral neuropathy have
been found in patients with LCHAD deficiency. The for-
mer seems to be related to deficiency of docosahexaenoic
acid (DHA). Endogenous synthesis of DHA may be im-
paired in LCHAD-deficient patients and a preliminary
study treating these children with oral DHA has shown
promising results (189). Mental retardation and/or other
neurological sequelae are observed mostly in patients who
had severe encephalopathy associated to Reye’s-like syn-
drome (164,185).

Other manifestations, specific for a given defect, are
outlined in Table 1.

2. Maternal Complications During Pregnancy of
Affected Fetuses

The association between LCHAD deficiency in the fetus
and maternal pre-eclampsia, the syndrome of hemolysis,
elevated liver enzymes, and low platelets (HELLP syn-
drome) or acute fatty liver of pregnancy (AFLP) has
been well documented (162,190–192). These complica-
tions have been reported in up to 79% of pregnancies
with fetuses affected with LCHAD, while there were no
complications if the fetus was heterozygous or normal.
Ibdah et al. reported that the complications were related
to the presence of the prevalent E474Q mutation on one
or both alleles (homozygous or compound heterozygous)
of the LCHAD-affected fetus (162,191). However, a re-
cent report describes three families with trifunctional en-
zyme deficiency and maternal hepatic dysfunction in
pregnancy not associated with the common E474Q mu-
tation (193).

Affected LCHAD patients show a higher incidence
of prematurity, asphyxia, intrauterine growth retardation,
and intrauterine death than their unaffected siblings
(190). These findings highlight the importance of obtain-
ing molecular diagnoses for patients and parents, and to
provide adequate genetic counseling and molecular pre-
natal diagnosis when indicated (194). More recently,
AFLP has also been reported in pregnancies with fetal
CPT-1, MCAD, and SCAD deficiencies, raising the pos-
sibility of a common mechanism producing liver disease
in mothers carrying fetuses affected with FAO defects
(195–197).

3. Sudden Infant Death
Many FAO defects have been associated with episodes of
sudden, unexpected, infant death. Different studies ana-
lyzing postmortem specimens of liver, bile, cultured fi-
broblasts, or blood spots in filter paper have estimated that
2–5% of sudden infant death syndrome (SIDS) can be
attributed to FAO defects (198–200). They include defi-
ciencies of the carnitine transporter, translocase, VLCAD,
LCHAD, MCAD, SCHAD, and MAD (171,198–204).
The mechanism of sudden death in these patients is not
clear, but acute arrhythmia may account for the unex-
pected deaths in children with abnormalities in long-chain
fatty acid metabolism (182). Acylcarnitine analysis by tan-
dem mass spectrometry in postmortem bile or in the new-
born screening samples (Guthrie card) stored by state pro-
grams have significantly expanded the retrospective
diagnosis of fatty acid oxidation disorders (200,204,205).
With the availability of newborn screening by tandem
mass spectrometry and early treatment, it is reasonable to
expect that the number of patients who experience sudden
death due to FAO defects will decrease significantly.

Other metabolic diseases, not involving fatty acid me-
tabolism, have also been found in children who experi-
ence sudden or unexpected death in infancy. Among oth-
ers they include glutaric aciduria type I, myophosphorilase
deficiency, lysinuric protein intolerance, and defects of the
respiratory chain (1,200,206–209).

C. Laboratory Abnormalities

The most common laboratory abnormality found during
an acute episode is hypoglycemia. Ketone bodies can be
detected in urine, but in smaller amounts than expected
for the degree of hypoglycemia (hypoketotic hypoglyce-
mia). Total nonesterified fatty acids (NEFA) are increased,
and the NEFA to ketone body ratio is abnormally high
(>3) when the sample is obtained before IV glucose is
started (210). As an exception to the rule, patients with
SCHAD deficiency may present with large amounts of
ketones in urine (178).

Elevated liver enzymes, mild hyperammonemia, and
slight metabolic acidosis are common. Abnormal clotting
factors are seldom observed. Very high levels of CK (sev-
eral thousands) and aldolase reveal muscle involvement.
Hyperuricemia appears to be a common finding in MCAD
deficiency and mild elevation of lactic acid is present in
LCHAD deficiency (175,211). Myoglobinuria can be
present in any FAO defect affecting skeletal muscle, and
is a common presentation in the adult form of CPT II
deficiency (153,154,164).

During the acute episode, a liver biopsy under light
microscopy shows micro- and macrovesicular steatosis.
These abnormalities usually lead to the diagnosis of Reye
syndrome. However, the electron microscopy will lack the
characteristic mitochondrial changes of Reye syndrome
(188,212). Fibrosis and cirrhosis has been described in
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liver biopsies of VLCAD and LCHAD deficiencies. Pa-
thology of skeletal and cardiac muscle shows fatty infil-
tration (lipidic myopathy) (153,158,188).

D. Diagnosis

Once the diagnosis of a FAO defect is suspected, samples
should be immediately obtained for specialized metabolic
studies. They must include blood spots in filter paper
(Guthrie card), serum, and urine. Analysis of acylcarni-
tines (AC) 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 profiles can be obtained even when samples are
collected out of crisis. In rare cases an AC profile can be
misread as normal when free carnitine levels are very low
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 HMG-CoA-lyase deficiencies
(106,107,213–215). In the transport defects of long-chain
fatty acids and the carnitine uptake deficiency AC are un-
informative; in CPT-I deficiency, low levels of all AC spe-
cies (including acetylcarnitine), combined with high levels
of free carnitine, are suggestive of the defect (216). AC
have been reported as normal in children with SCHAD
(203) and HMG-CoA-synthase deficiencies (217). AC
analysis performed in the newborn screening card have
allowed retrospective diagnosis in patients who died of
MCAD, CPT II, VLCAD, translocase, and MAD defi-
ciencies (111,169,185,202,204,218). Tandem mass spec-
trometry is also being employed by many screening pro-
grams around the world for the neonatal detection of FAO
defects as well as other IMD (109–111,219,220). It is
likely that early diagnosis and treatment will change the
natural history of the disease for many patients (221).

Urine OA profile is the second choice for the diag-
nosis of FAO defects. It is important that analysis and
interpretation be performed in an experienced center. Sev-
eral defects can be diagnosed if samples are obtained dur-
ing the acute episode; they include HMG-CoA-lyase,
MCAD, LCHAD, SCAD, MCKAT, SCHAD, and MAD.
However, frequently the results may be suggestive of, but
nonspecific for, an FAO defect or give a false-negative
result when samples are collected after the patient has
been started on supportive therapy (105,188,222). There-
fore, patients with FAO defects can be misdiagnosed if
only standard OA analysis is performed.

Quantitative analysis of acylglycines by GC/MS sta-
ble isotope dilution or tandem mass spectrometry is an
alternative method for diagnosis when acylcarnitines are
not available and/or when UOA analysis gives a negative
result (105,223).

Carnitine levels are informative. Total and free car-
nitine levels are normal or high in CPT-I deficiency and
extremely low in the CT defect. In all other FAO diseases,
total and free carnitine are usually decreased, and the per-

centage of acylcarnitines is increased (164,188). Another
method for the diagnosis of FAO defects is to measure
the levels of individual free fatty acids in plasma by GC/
MS (224). This method is sensitive but time consuming.
We have shown that in MCAD and MAD deficiencies,
levels of individual fatty acids correlate well with those
of the acylcarnitine of the same carbon length (221,225).
However, short-chain-3-hydroxy fatty acids are not ester-
ified with carnitine and therefore their measurement might
be important for the diagnosis of SCHAD, when the acyl-
carnitine profile is noncontributory (226).

In vitro flux studies with labeled fatty acids in lym-
phocytes of fibroblasts are another useful tool for diag-
nosis (227,228). Fasting or loading tests are less fre-
quently needed and should only be performed in
experienced centers if the above-mentioned specialized
tests are not informative (164). Enzyme activity can be
measured in the majority of these conditions in cultured
fibroblasts, liver, and/or 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 (229). Common mutations have been described in
MCAD and LCHAD deficiencies. 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 (219,229–
231). In LCHAD deficiency, a common 1528 G>C mu-
tation has been identified (175,229).

E. Treatment: The Acute Episode

Acutely ill patients with suspected FAO defect should be
treated in an experienced pediatric intensive care unit. De-
lay in proper treatment may result in death or permanent
brain damage (164,188).

1. Supportive Therapy
Intravenous hydration should be given cautiously because
patients with hyperammonemia may have cerebral edema
and patients with heart involvement may develop cardiac
insufficiency. Intracranial pressure monitoring should be
considered if brain swelling is suspected and mannitol can
be used if needed. Clotting factors may be required in
patients with severe liver dysfunction and H2 blockers
should be given to prevent gastrointestinal bleeding.

Salicylates and valproic acid are contraindicated due
to their potential mitochondrial toxicity and should be in-
vestigated as a potential cause of the metabolic crisis
(232). Epinephrine and glucagon have a lipolytic effect
and therefore should be avoided.

2. Anabolism
In order to suppress lipolysis, intravenous fluids should
provide a glucose infusion rate of 10 mg/kg/min or more,
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Table 6 Guidelines for the Nutritional Treatment of Fatty Acid Oxidation Defects

Metabolic abnormality

Long-chain FAO
Medium- and short-chain
FAO, HMG-CoA-synthase

Electron transfer (MAD),
HMG-CoA-lyase

Calories >20% RDA >20% RDA >20% RDA
Protein RDA RDA 7%
Fat 25–30% 15–25% 15–20%

MCT 15–20% (1–3 g/kg/d) Contraindicated Contraindicated
LCFA �10% — —
EFA 4% 4% 4%

CHO 60–65% 60–75% 73–78%

MCT, medium-chain triglycerides; LCFA, long-chain fatty acids; EFA, essential fatty acids; CHO, carbohydrates. Fat and
CHO are expressed as % or total calories.

regardless of the blood sugar levels found on admission
(164,188). If patients develop hyperglycemia, IV insulin
can be given. Due to the required high glucose concen-
tration in the IV fluids, a central line is needed. As an
alternative, glucose (10% glucose polymers solution) can
be provided via NG tube. In patients known to have long-
chain fatty acid defects, medium-chain triglycerides (1–3
grams/kg/day) can be added via NG tube as soon as the
GI tract allows for it.

3. Detoxification
Treatment with intravenous carnitine (100–200 mg/kg/
day) is life saving for the carnitine transport defect (CTD).
There is general agreement to the use of carnitine (50–
100 mg/kg/day) in patients with short- and medium-chain
defects (153,156,164). However, use of carnitine for de-
fects involving long-chain fatty acids is still controversial,
due to the possible role of long-chain acylcarnitines in the
development of heart beat abnormalities (164). A recent
study also shows that medium- and long-chain acylcar-
nitines suppress mitochondrial fatty acid transport through
inhibition of translocase (233). A conservative approach
is to start treatment with 50% of the usual dosage and
adjust it to maintain free carnitine levels within normal
limits.

Riboflavin (100–200 mg/day) should be tried in pa-
tients with MAD and SCAD deficiencies, even though
only a few patients with mild variants have been reported
to respond to it (188).

F. Long-Term Management

Carnitine is the only treatment needed for the CT defi-
ciency. For all other FAO defects, the key to chronic treat-
ment is to avoid prolonged fasting and to use a fat-re-
stricted diet. Guidelines for treatment of the different
conditions are outlined in Table 6. The formula to be used
depends on the enzymatic defect. There is a rationale for
the use of medium-chain triglycerides (MCT) in patients
with impaired metabolism of long-chain fatty acids (FATP,

CPT-I, translocase, CPT-II, VLCAD, LCHAD, MTP). In
contrast, the use of MCT is contraindicated for patients
with short- or medium-chain FAO defects as well as for
MAD and defects in ketogenesis. Enough essential fatty
acids (linoleic and �-linolenic) acids should be provided
to avoid deficiencies. Dietary supplementation with DHA
appears to be beneficial in LCHAD-deficient patients to
prevent retinal damage (189). In addition to the low-fat
diet, patients with MAD should also have a mild protein
restriction. Patients HMG-CoA-lyase may likewise benefit
from leucine restriction.

Blood glucose, liver enzymes, uric acid, ammonia,
and CK are late markers of a metabolic crisis (188) and
cannot be used to monitor fasting tolerance or response
to dietary changes. In contrast, acylcarnitines have been
shown to be a sensitive marker. AC levels tend to increase
rapidly during short fasting periods and reflect the accu-
mulation of toxic metabolites (221,225). Treatment of in-
fants 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
(164). In children over 2 years of age, the diet can be
supplemented with uncooked cornstarch. In children with
poor appetite who have severe enzyme deficiencies, corn-
starch can be given at regular intervals throughout the 24
h, as used for patients with glycogen storage diseases. In
less severely affected patients uncooked cornstarch (1–2
g/kg) can be used at bedtime only. We have documented
the beneficial effect of uncooked cornstarch in decreasing
abnormal metabolites in children with MCAD, MAD
(221,225), and LCHAD deficiencies. As an alternative for
young children whose amylase activity is deficient, we
have successfully used cornstarch with exogenous amy-
lase (221).

Education and family compliance are essential to
avoid life-threatening decompensations, which can occur
very rapidly in young patients. Long-term prognosis var-
ies according to the disease, residual enzyme activity, age
at diagnosis, and long-term treatment. The mortality rate
has been estimated at 25% for MCAD deficiency; the ma-
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jority of these patients die in the initial episode (185,234).
Long-term complications in MCAD deficiency include de-
velopmental delay, muscle weakness, failure to thrive, and
cerebral palsy (172,185,234). To prevent the mortality and
severe morbidity of MCAD, it would be mandatory to
implement newborn screening programs (108,172,185,
219).

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, newborn
screening may change the natural history of these diseases
(221).

V. PRIMARY LACTIC ACIDEMIAS

The primary lactic acidemias (PLA) are a group of IMD
with variable clinical presentation, including life-threat-
ening episodes of metabolic acidosis, and complex bio-
chemical, enzymatic, and molecular diagnosis. They rep-
resent abnormalities in pyruvate metabolism that are
recognized biochemically by its primary consequence, hy-
perlactacidemia, and clinically by symptoms reflecting en-
ergy deficiency (1,235). Pyruvic acid produced by the gly-
colytic pathway can follow different metabolic fates. To
produce energy, pyruvate enters the mitochondria and un-
dergoes aerobic catabolism via acetyl-CoA, the tricarbox-
ylic acid cycle (TCA) and the respiratory chain (Fig. 4).
During fasting periods, pyruvic acid can also be an inter-
mediary substrate for gluconeogenesis, via oxaloacetic
acid. A block in any of the many enzymatic 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. In general,
the PLA can be classified into four groups:

Defects in pyruvate dehydrogenase complex
Defects in the TCA cycle
Defects in gluconeogenesis
Defects in oxidative phosphorylation (respiratory

chain)

A. Pathophysiology and Clinical Presentation

Correlation between symptoms and enzymatic block is
difficult: one enzymatic defect can present with different
phenotypes and different enzyme deficiencies 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 treat-
ment.

1. Pyruvate Dehydrogenase Complex
Deficiency of pyruvate dehydrogenase complex (PDHC)
is one of the most frequent causes of PLA. This thiamine-
dependent enzymatic complex is responsible for the de-
carboxylation of pyruvate to acetyl-CoA (Fig. 4) and is

made of four different components: E1-�, E1-�, E2, and
E3. Two regulatory components at the E1 level are known:
pyruvate dehydrogenase kinase and pyruvate dehydroge-
nase phosphatase, which inactivate and activate, respec-
tively, the enzyme activity. An E3-binding protein
(formerly called X-lipoate protein) is also part of the com-
plex (235,236). Deficiencies in different components of
the PDHC have been reported, but the most common is
the deficiency of the E1-� subunit.

Three different clinical presentations have been out-
lined. The most severe is neonatal, characterized by
overwhelming lactic acidosis at birth. These children
present soon after birth with poor feeding, hypotonia,
lethargy, and respiratory distress. Mild dysmorphysm
(frontal bossing, low nasal bridge, upturned nose, long
philtrum) has been described, and death occurs within
the first weeks of life (236,237). A less severe picture
appears in infants and young children with hypotonia,
developmental delay, and seizures. The third form pre-
sents with acute, intermittent episodes of ataxia, which
can be triggered by a high-carbohydrate intake (235–
237). The E1-� subunit is encoded by an X-linked gene.
However, due to the important role of the PDHC in en-
ergy metabolism, males as well as females can be af-
fected. Most defects of E1-� gene are de novo, with point
mutations being more common in males and deletions or
insertions in females (236,238). This information is ex-
tremely important for genetic counseling.

Defects in the E2 component, the E3-binding protein,
and the pyruvate dehydrogenase phosphatase, while rare,
have been reported (236,239,240). Described phenotypes
have ranged from severe mental retardation to Leigh syn-
drome and refractory lactic acidosis.

The E3 component (dihydrolipoamide dehydroge-
nase) is common to three other enzymatic complexes: the
�-ketoglutarate dehydrogenase (�-KGD) (involved in
TCA cycle), the branched-chain 2-ketoacid dehydrogenase
(BCKD), which is the enzyme deficient in maple syrup
urine disease (MSUD), and the glycine cleavage system
(involved in glycine catabolism). Few patients with defi-
ciency of the E3 component (lipoamide dehydrogenase)
are known. Their clinical and biochemical presentation is
variable, with a combination of the different manifesta-
tions of the PDHC, �-KGD, and BCKD deficiencies. Re-
current episodes of liver failure, cardiomyopathy and
myoglobinuria have also been reported (235,236,
241–243).

Progressive involvement of the basal ganglia and
brainstem is frequent in PDHC-deficient patients, and can
lead to nystagmus, dystonia, apnea, or sudden, unexpected
death. Magnetic resonance imaging (MRI) findings in
these patients are suggestive of subacute necrotizing en-
cephalopathy (Leigh syndrome). However, it is important
to note that Leigh syndrome has also been described in
patients with pyruvate carboxylase, the TCA cycle, and
respiratory chain deficiencies (see below) as well as in
other inborn metabolic diseases (IMD) (1,244,245). Other
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frequent abnormalities of the CNS in PDHC deficiency
are congenital malformations of the brain, including agen-
esis or hypoplasia of the corpus callosum (235–237).

2. Defects in the TCA Cycle
The TCA cycle is responsible for the oxidative decarbox-
ylation of citrate to oxaloacetate (Fig. 4). Several enzymes
are involved, and defects in �-ketoglutarate dehydroge-
nase (�-KGD), fumarase, and succinate dehydrogenase
(SDH) have been characterized. Structure of �-KGD is
similar to the PDHC and the BCKD, sharing with them
the E3 component. Therefore the three enzymes can be
affected in E3 deficiency (see section on PDHC deficiency
above). A few patients with isolated �-KGD have also
been reported. They present in infancy or early childhood
with severe neurological involvement, including devel-
opmental delay, hypo- or hypertonia, and ataxia
(235,246–248). Structural brain abnormalities can be
present.

Fumarase deficiency appears to be more common.
Clinical presentation ranges from severe neurological
involvement, seizures, and death in childhood to mild
mental retardation and survival into adulthood (235,248–
250). Dysmorphic facial features and neonatal polycythe-
mia have been recently reported (251). Structural brain
malformations such as diffuse polymicrogyria, hypomye-
lination, agenesis of the corpus callosum, Leigh syn-
drome, decreased white matter, and cortical atrophy are
common (250,251). A few patients with SDH are known.
This TCA cycle enzyme is also part of complex II of the
respiratory chain (succinate–ubiquinone oxidoreductase)
and these patients’ clinical presentation resembles more a
respiratory chain defect (see below) (235). A combined
deficiency of SDH, aconitase, complex I and III has been
reported (252). This defect is apparently caused by ab-
normalities in the iron–sulfur clusters common to these
enzymes.

3. Defects in Gluconeogenesis
Gluconeogenic defects involve deficiencies in the four
regulatory enzymes of this pathway: pyruvate carboxyl-
ase, phosphoenolpyruvate carboxykinase, fructose-1,6-di-
phosphatase, 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 hypogly-
cemia and hepatomegaly. Pyruvate carboxylase (PC), a
biotin-dependent enzyme responsible for the carboxyla-
tion of pyruvate to oxaloacetate (Fig. 4), plays an impor-
tant role in gluconeogenesis, lipogenesis, and energy pro-
duction. Decreased availability of oxaloacetate also
impairs the synthesis of aspartate and glutamate with sec-
ondary abnormalities in the urea cycle and the synthesis
of glutamine-derived neurotransmitters. Deficiency of the
PC can be isolated or as a part of the biotinidase or ho-

locarboxylase synthetase deficiencies (see organic acide-
mias). Isolated PC deficiency has been described in about
40 patients. Three clinical presentations are differentiated.
The most severe form presents in neonates with lactic ac-
idosis, hypotonia, and seizures, progressing to coma and
death in the first few months of life (235,236). A less
severe phenotype, mainly described in North American
Indians, presents in infancy with developmental delay,
failure to thrive, and seizures, progressing to severe men-
tal retardation. Mild hepatomegaly is present in both clin-
ical presentations. Macrocephaly and brain abnormalities,
including decreased myelination, ischemia-like lesions,
cyst, periventricular leukomalacia, Leigh syndrome, sub-
dural hematomas, and brain atrophy have been described
(235,236,253,254). These abnormalities are thought to be
related to the important role of PC in astrocyte metabo-
lism. The third, less common, phenotype is characterized
by episodic attacks of lactic acidosis with slight neuro-
logical involvement (235,236).

Phosphoenolpyruvate carboxykinase (PEPCK) defi-
ciency is very rare. Symptoms appear in the newborn pe-
riod or early infancy and include failure to thrive, hypo-
tonia, lethargy, and hepatomegaly. Renal tubular acidosis
as well as skeletal and cardiac muscular involvement have
been reported (235).

Fructose-1,6-diphosphatase (FDP) deficient patients
present in the newborn period with symptoms of hypo-
glycemia, hypotonia, and liver enlargement. Neurological
involvement in these patients is only related to the hy-
poglycemic episodes (255).

4. Defects in Oxidative Phosphorylation
The oxidative phosphorylation (OXPHOS) is a complex
system that carries electrons through a series of reactions
to generate ATP. Our understanding of this system has
greatly increased in the last few years with significant ad-
vances in molecular genetics. The OXPHOS is composed
of five different complexes (I, II, III, IV, and V), located
in the inner mitochondrial membrane. Each complex has
several protein components, some of them encoded by
nuclear DNA (nDNA) and others by mitochondrial DNA
(mtDNA) (256,257). The only exception is complex II,
which has only nDNA-encoded proteins. Differentiation
between abnormalities in the OXPHOS caused by defects
in nDNA or mtDNA is important for prenatal diagnosis
and genetic counseling: nDNA defects follow a mendelian
inheritance, while mtDNA is maternally transmitted.

The nuclear DNA is responsible for the synthesis of
about 70 OXPHOS subunits, their transport into the mi-
tochondria, and their proper processing and assembly
(256). A great number of the nuclear genes, the majority
of them still unidentified, are responsible for these pro-
cesses.

The mtDNA is a small circular molecule (16.5 kb)
that encodes for 13 OXPHOS subunits together with ri-
bosomal RNAs and the 22 mitochondrial transfer RNAs
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Table 7 Most Frequent Findings Associated with
OXPHOS Diseases

Hypotonia
Developmental delay
Progressive encephalopathy, regression
Seizures, myoclonus
Strokelike episodes
Recurrent ataxia
Cortical blindness
Brain abnormalities

Absence of corpus callosum
Porencephalic cysts
Abnormal signaling of the basal ganglia
Leukodystrophy
Cortical atrophy/poliodystrophy
Leigh’s disease

Sudden infant death
Muscle weakness, myopathy
Myalgia, exercise intolerance, myoglobinuria
Palpebral ptosis, progressive external ophthalmoplegia
Cataracts, corneal opacities
Retinitis pigmentosa
Sensorineural hearing loss
Cardiomyopathy (mainly hyperthrophic)
Heart block (A-V, and others)
Failure to thrive, intrauterine growth retardation
Renal Fanconi’s syndrome
Tubulointerstitial nephritis, renal failure
Episodic vomiting
Chronic diarrhea, villous atrophy
Exocrine pancreatic dysfunction
Liver failure
Anemia (sideroblastic), myelodysplasia
Diabetes mellitus
Growth hormone deficiency
Hypothyroidism, hypoparathyroidism
Recurrent hypoglycemia
Craniofacial dysmorphic features
Hair abnormalities (dry, thick, brittle hair)
Skin abnormalities (mottled pigmentation in exposed areas)

Source: Refs. 256–258.

necessary for mRNA expression (256,257). Each cell con-
tains hundreds of mitochondria and thousands of mtDNA.
In patients with mtDNA abnormalities, normal and ab-
normal mtDNA coexist in the same cells (heteroplasmy).
During cell division, mitochondria are randomly distrib-
uted to the new cells (replicative segregation) and, as the
cells divide, the relative proportions of normal and ab-
normal mtDNA change (256). These characteristics of the
mtDNA have clinical implications. In the same patient
some tissues/organs may or may not be affected depend-
ing on their proportion of normal and abnormal mtDNA.
Furthermore, tissues that are not affected at one point may
become affected when the number of abnormal mitochon-
dria reaches a threshold for phenotypic expression. These
facts explain why the same molecular defect can present
with different phenotypes, which can also change over
time (256–258).

Clinical presentation of patients with OXPHOS dis-
eases is extremely variable. Neonatal decompensation,
with severe metabolic acidosis, is not frequent but has
been described in fatal and benign infantile myopathy due
to complex IV (COX deficiency) as well as in deficiencies
of other complexes (257–260). These children present in
the neonatal period with severe hypotonia, abnormal
movements, poor sucking, lethargy, respiratory distress,
and severe lactic acidosis. Ketosis is usually present. A
picture resembling neonatal-onset diabetes mellitus, with
hyperglycemia, ketosis, and hyperlactacidemia has been
reported in patients with OXPHOS defects (261). Another
severe neonatal presentation is seen in one of the variants
of the mitochondrial DNA depletion syndrome (see be-
low). These children develop severe liver failure, with hy-
poglycemia, lactic acidosis, and elevated liver enzymes
within the first day of life. Liver histopathological ex-
amination reveals micronodular cirrhosis, cholestasis, mi-
crovesicular steatosis, and accumulation of iron. Electron
microscopy shows abnormal proliferation of mitochon-
dria. Less severe infantile forms of this syndrome have
been reported in children with failure to thrive, vomiting,
ypotonia, hypoglycemia, and progressive liver dysfunc-
tion (258,262–264).

Because OXPHOS is present in all cells, patients with
a subacute or chronic course can have different combi-
nations of symptoms and signs. In general, an OXPHOS
defect must be considered when there is an unexplained
association of symptoms, with early onset and a rapidly
progressive course involving seemingly unrelated organs
(257,258). A list of the most frequent signs and symptoms
is presented in Table 7. Patients with OXPHOS diseases
are prone to multiorgan involvement; therefore abnormal-
ities in tissues with high energy needs including muscle,
liver, kidney, pancreas, bone marrow, heart, brain, retina,
auditory nerve, and endocrine system should be searched
for. In patients with CNS involvement MRI of the brain
will provide useful information (Table 7) (265). Different
combinations of symptoms and signs are possible, and
classification of OXPHOS diseases has been difficult.

They have been categorized based on their molecular de-
fect in mtDNA or nDNA. Known mtDNA abnormalities
include point mutations, deletions, and duplications. In
general, point mutations follow a pattern of maternal in-
heritance while deletions tend to be sporadic. Many of
them correlate with well-defined syndromes, but signifi-
cant overlapping and variation exist (Table 8).

In the last few years, an increasing number of mu-
tations in nuclear OXPHOS genes are being recognized.
The most frequent inheritance in this group is autosomal
recessive, but any mendelian pattern is possible. Some
clinical entities are defined but their genes are still un-
identified. They include, among others, the mtDNA de-
pletion syndrome, hereditary spastic paraplegia, and the
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Table 8 Most Common Clinical Syndromes Associated
with mtDNA Defects

Mainly associated with mtDNA mutations

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) (266)

Myoclonic epilepsy and ragged-red fibers (HERRF) (267)
Neuropathy, ataxia, and retinitis pigmentosa (NARP) (268)
Leber’s hereditary optic neuropathy (LHON) (269)
Diabetes mellitus and deafness (270)

Mainly associated with mtDNA deletions/duplications

Pearson syndrome: Anemia (sideroblastic)/pancyto-
penia, exocrine pancreatic in-
sufficiency, failure to thrive,
liver dysfunction, myopathy,
lactic acidosis (271,272)

Kearns Sayre syndrome: Age before 20 years, progressive
external ophthalmoplegia, reti-
nitis pigmentosa, cerebellar
ataxia, increased CSF protein,
complete heart block, diabetes
mellitus (273)

Wolfram syndrome: Diabetes insipidus, diabetes mel-
litus, optic atrophy, and deaf-
ness (274)

Progressive external ophthalmoplegia (275)

Source: Refs. 256–258.

myoneurogastrointestinal encephalopathy (MNGIE) (256,
258,264). Nuclear genes responsible for specific deficien-
cies of subunits in complex I (producing Leigh disease)
and complex IV (citochrome oxidase deficiency) have
been identified (256,259). More important, nuclear genes
affecting the OXPHOS have been found to be the cause
of Friedreich’s ataxia (276) and the Barth syndrome (277).
It is likely that in the next few years more chronic diseases
associated with nDNA defects affecting OXPHOS will be
described.

B. Diagnosis

Initial laboratory work-up for a patient with suspected
PLA with an acute or chronic presentation is similar. In
patients with intermittent symptoms, diagnostic possibili-
ties increase when samples are obtained during the acute
decompensation. Fasting blood levels for lactate (L), py-
ruvate (P), ammonia, and AAs and urine for organic acids
should be obtained.

Additional information can be obtained by measuring
blood levels of 3-OH-butyrate (3OHB), acetoacetate
(AcAc), total and free carnitine, and urine amino acids.
Accurate measurement of L and P requires rapid and
proper handling of the specimens. Arterial samples are
preferred, and the use of a tourniquet should be avoided
if venous samples are to be obtained.

In patients with acute decompensations, laboratory
tests disclose severe metabolic acidosis, high anion gap,
and markedly elevated lactic acid. The lactic/pyruvate (L/
P) molar ratio should be calculated (normally 10–20). A
low to normal value suggests PDHC deficiency. By con-
trast, PC and respiratory chain defects (complex I, III, and
IV) show elevated L/P ratios (278). Reduced 3OHB/AcAc
ratio is seen in PC deficiency (235,278). Lactic acidosis
due to poor perfusion, hypoxia, liver insufficiency, sepsis,
or sedation with propofol (2,6-di-isopropylphenol) (Di-
privan, Zeneca Pharma, Mississauga, ON, Canada) should
be ruled-out (278,279). In general they do not present with
ketosis.

In patients with chronic disease, even slight eleva-
tions of lactate provide a clue for diagnosis. More severe
biochemical abnormalities might only be present during
attacks, which are usually triggered by intercurrent ill-
nesses. In some patients increased lactic acid levels are
only detected when they are measured 1–2 h after a reg-
ular or a high-carbohydrate meal. Elevated fasting levels
of lactic acid that decrease after a high-CHO meal, with
simultaneous increase in ketone bodies, are suggestive of
PC deficiency (235). In patients with CNS involvement
and normal lactic acid in blood, L and P levels have to
be measured in cerebral spinal fluid.

Hypoglycemia is associated with lactic acidemia dur-
ing fasting in patients with gluconeogenic defects, while
hyperglycemia can be found in OXPHOS and PDHC de-
ficiencies (261,278). Mild hyperammonemia is present in
neonates with PC and fumarase deficiencies and increased
uric acid and hypophosphatemia are found in those with
FDP deficiency. In the latter, provocative tests with fruc-
tose and glycerol, performed under close supervision, are
useful for diagnosis. Glucose tolerance tests should be
avoided because they can trigger an acute decompensation
in PDHC-deficient patients.

Urine organic acids analysis provides useful infor-
mation in PLA patients, but, with the exception of the
TCA cycle defects, cannot determine the site of the met-
abolic block. Usual findings are elevated lactic, pyruvic,
and 2-hydroxybutyric acids. Elevation of TCA cycle in-
termediates (succinic, fumaric, malic, and �-ketoglutaric
acids) might be present in patients with OXPHOS defects.
Ketonuria suggests PC deficiency. However, increased ke-
tones can also be found in patients with other PLA de-
fects. Glycerol and glycerol-3-phosphate can be found in
the urine of patients with FDP deficiency. A recent report
suggests that glycerol intolerance syndrome might be in-
deed a partial FDP defect (280). �-Ketoglutaric and lactic
acids are increased in �-keto glutarate dehydrogenase.
However, abnormal excretion of the former could be in-
termittent (247). Increased �-ketoglutaric is also found in
patients with glycogen storage disease type I. In patients
with lipoamide dehydrogenase (E3 deficiency), the in-
creased levels of lactic and �-keto glutaric acids are ac-
companied by metabolites of 2-hydroxy- and 2-ketoacids.
Fumarase deficiency is characterized by increased fumaric
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Table 9 Pharmacological Treatment for PLA

Agent Dosage (range) Deficiency

Thiamine 500–2000 mg/day PDHC
200–300 mg/day OXPHOS

Lipoic acid 10–50 mg/kg/day PDHC
Dichloroacetate 15–200 mg/kg/day PDHC, OXPHOS
Biotin 10–50 mg/day PC
Riboflavin 50–300 mg/day OXPHOS
Coenzyme-Q10 60–360 mg/day OXPHOS
Idebenone 30–90 mg/day OXPHOS
Vitamin C 500–4000 mg/day OXPHOS
Vitamin K3,

menadione or K1,
phylloquinone

50–100 mg/day OXPHOS

acid with different degrees of lactic, succinic, and �-ke-
toglutaric acids (235). Methylglutaconic acid has been re-
ported in several patients with OXPHOS defects, as well
as in other diseases (see section on organic acidemias)
(278).

Isolated elevations of lactic acid in urine can be found
in patients with urinary infections due to E. cloacae (281)
and in patients with short gut or blind loop syndrome,
who excrete high amounts of D-lactic acid, which is un-
distinguishable from the L-isomer (282). Quantitative
plasma AAs have similar limitations to UOA. A common
finding for all PLA is an elevation of alanine, while ele-
vated glutamate and glutamine may be present in patients
with PDHC, �-KGD, and OXPHOS deficiencies (235,
278). Serum amino acids are characteristic in the neonatal
form of PC deficiency, with increased elevation of alanine,
proline, citrulline, and lysine and decreased levels of as-
partate and glutamine (235,236,253,254). In the E3 sub-
unit deficiency, mild elevations of branched-chain AAs
and alanine are characteristic.

A muscle biopsy is another important tool for the di-
agnosis of PLA, especially for OXPHOS diseases. Spec-
imens should be obtained for light and electron micros-
copy and tissue should be immediately frozen for
enzymatic studies. The specimens should be referred to
an experienced laboratory. The presence of ragged red fi-
bers (modified Gomori trichrome stain) are suggestive of
an OXPHOS defect. Important information is also ob-
tained from succinate dehydrogenase and cytochrome
oxidase reactions, immunohistochemistry, mtDNA quan-
tification, and electron microscopy (245,258,283).

Enzymatic diagnosis for defects in pyruvate oxida-
tion, the TCA cycle, and gluconeogenesis can be done in
blood, fibroblasts, or other tissues (235,236). The refer-
ence laboratory should be contacted for the best specimen
to be obtained for each particular enzyme. Enzyme activ-
ity for the respiratory chain is best measured in muscle.
However, the assessment is complicated due to several
factors, including different percentages of abnormal
mtDNA and different isoforms of the same enzyme in
different tissues (245,257,258). Point mutations in a tRNA
of the mtDNA, or mtDNA depletion can affect the enzyme
activity of several respiratory chain complexes. Secondary
deficiencies of the respiratory chain due to defects in mi-
tochondrial �-oxidation and other enzyme deficiencies are
possible (257). In patients who die unexpectedly, enzy-
matic studies can be done on frozen samples (skeletal
muscle, heart, liver, and brain) if they are obtained no
more than 4 h postmortem.

Molecular diagnosis for the majority of the enzymes
described is available. Regarding the OXPHOS defects,
the mutations or deletions should be searched for, accord-
ing to the clinical presentation (245,256,258).

C. Treatment: The Acute Episode

Treatment of acute neonatal lactic acidemia requires an
intensive care unit. Sodium bicarbonate in large amounts

is usually required to control the metabolic acidosis. If
hypernatremic metabolic acidosis develops, it should be
treated with peritoneal or hemodialysis. Special solutions
with sodium bicarbonate (instead of sodium chloride) and
devoid of acetate or lactate should be used in those
procedures. A high GIR can severely worsen the lactic
acidemia in patients with PDHC deficiency. Therefore, in-
itial intravenous fluids should provide a low GIR that can
be increased according to clinical and biochemical re-
sponse. A high GIR is indicated in patients with PC de-
ficiency.

After the appropriate samples for diagnosis have been
obtained, treatment with one or several drugs can be
started in patients with life-threatening lactic acidemia
(Table 9). A wide range of dosages have been used. As-
sessment of the response to vitamin therapy is difficult
and well-documented data are rare. The most commonly
used are biotin, thiamine, riboflavin, and coenzyme-Q10.
These compounds are cofactors involved in the different
metabolic pathways. Vitamins C and K have been used as
artificial electron acceptors (235,256,284). Dichloroace-
tate (DCA) stimulates the activity of the PDHC and is
used, in dosages of 15–200 mg/kg/day in the treatment
of PLA of unknown origin as well as in PDHC and com-
plex I deficiencies (235,256,284). In patients with low car-
nitine levels, carnitine supplementation (50–100 mg/kg/
day) should be used to maintain normal free carnitine
levels. A recent report documents a marked improvement
of a cardiomyopathy following treatment with idebenone,
a synthetic analog of coenzyme Q10 (285). Treatment with
succinate, nicotinamide, corticosteroids, chloranphenicol,
vitamin-E, methylene blue, and acetylcarnitine have been
advocated for some conditions (256,284). When final di-
agnosis becomes available, an attempt to withdraw those
vitamins not involved in the metabolic block should be
done, one at a time, with careful monitoring of the clinical
and biochemical response.
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D. Long-Term Management

In patients with chronic disease it is advisable to add one
drug or vitamin at a time, according to the suspected di-
agnosis, and maintain careful monitoring of the patient’s
response. However well-documented long-term studies
are difficult and, in general, prognosis is poor. In patients
with PDHC deficiencies, thiamine (500–2000 mg/day),
lipoic acid (which is bound to the E2 component), carni-
tine, and DCA have been tried with variable results
(235,242). 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 py-
ruvate (235,284). However, a detailed study showed mild
improvement in development but not change in long-term
survival of these patients (286). In PDHC deficiency due
to abnormalities in the E3 component, dietary treatment is
more difficult because the affected enzymes impair pro-
tein, carbohydrate, and fat metabolism. Restriction of
branched-chain amino acids (as in MSUD) is helpful to
reduce blood levels of branched-chain AAs and their me-
tabolites in urine (235).

In patients with PC deficiency, treatment with biotin
(10–50 mg/day) is indicated. Citrate and aspartate have
also been tried in the treatment of this condition, with
improvement in blood chemistry but poor long-term neu-
rological outcome (254). A low-fat–high-CHO diet with
frequent feeds is also indicated in patients with PC defi-
ciency as well as in all the other gluconeogenic defects
(235,284). Restriction of protein intake to reduce produc-
tion of gluconeogenic substrates has also been proposed
in PC deficiency.

In patients with FDP deficiency, mild restriction of
sucrose and fructose is indicated. Controlled exercise has
been helpful in some patient with OXPHOS defects to
enhance the aerobic capacity and decrease lactic acid lev-
els (256). Liver transplantation has been performed in pa-
tients with hepatic respiratory chain disorders, but extra-
hepatic manifestations may appear later despite successful
transplantation (287). Treatment with valproic acid and
phenobarbital should be avoided because they inhibit the
respiratory chain (257). Supportive treatment for the dif-
ferent manifestations of OXPHOS diseases (exocrine pan-
creatic deficiency, anemia, diabetes, renal Fanconi’s syn-
drome, etc.), as well as psychological support for patients
and family should be provided.

VI. MAPLE SYRUP URINE DISEASE

A. Pathophysiology

Maple syrup urine disease (MSUD) is an autosomal re-
cessive disease affecting the metabolism of the branched-
chain amino acids (BCAA) leucine, isoleucine, and valine.
BCAA play an important role in intermediate metabolism.
They are substrates for gluconeogenesis and ketogenesis,
and their end-catabolic product, acetyl-CoA, is a precursor
for fatty acid and cholesterol synthesis. The defect in

MSUD is located in the branched-chain 2-ketoacid de-
hydrogenase complex (BCKD), which is made of four dif-
ferent components: E1-�, E1-�, E2, and E3 (288). The E1

component is thiamine dependent. BCKD deficiency re-
sults in the elevation of BCAA and their corresponding
branched-chain 2-ketoacids (BCKA) 2-ketoisocaproic, 2-
keto-3-methylvaleric, and 2-ketoisovaleric. Accumulation
of these compounds is responsible for the characteristic
odor as well as the clinical course of the disease.

B. Clinical and Laboratory Manifestations

Five phenotypes have been described, based on the clin-
ical presentation and response to thiamine therapy: classic,
intermediate, intermittent, thiamine-responsive, and E3-
(dihydrolipoamide dehydrogenase) deficient (288). The
classic form is the most common. 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 easily be detected in urine. This intoxication-like en-
cephalopathy resembles that of the organic acidemias.
Biochemical abnormalities include ketoacidosis and hy-
poglycemia; hyperammonemia may be mild or absent
(37,288). Diagnosis can be made by measurement of ei-
ther plasma AAs or UOA. Typical findings in the former
are elevated levels of BCAA, mainly leucine (1000–5000
�M/l), and the presence of L-alloisoleucine, which is a
transamination product of the 2-keto-3-methylvaleric acid
(105). Routine UOA analysis shows an elevation of
branched-chain 2-OH-acids and BCKA. The latter are bet-
ter detected when the sample is previously oximated. Ke-
tone bodies are also usually present.

The intermediate form of MSUD presents in infancy
to young adulthood with neurological impairment, sei-
zures, failure to thrive, and ataxia. Ketoacidosis is less
severe and acute crisis may be absent. In these patients
BCAA are always abnormal, with leucine levels ranging
between 400 and 2000 �M/l (289).

The intermittent form presents in children or adults
with episodes of acute decompensation (ataxia, seizures,
coma, and ketoacidosis) triggered by infections or high
protein ingestion. Plasma leucine values are mildly ele-
vated during the crisis, but they can be normal while com-
pensated (288).

The thiamine-responsive patients are a heterogeneous
group. Their clinical presentation resembles that of pa-
tients with the intermediate form of the disease. Treatment
with thiamine tends to normalize the BCAA levels, and
some patients can be completely off diet. Thiamine dos-
ages have ranged from 10 to 1000 mg/day and response
was achieved days or weeks after starting the treatment
(37,288,290).

The E3 component of the BCKD is common to other
three enzymatic complexes: pyruvate dehydrogenase com-
plex (PDHC), �-ketoglutarate dehydrogenase (�-KGD),
and the glycine cleavage system (involved in glycine ca-
tabolism). Clinical presentation in these patients is varia-
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ble, combining features of BCKD and primary lactic ac-
idemias (see section on PDHC deficiency above).

MSUD is transmitted as an autosomal recessive con-
dition and has been diagnosed in all ethnic groups. The
general incidence of the disease is estimated at 1:185,000,
but the incidence is much higher for some inbred com-
munities, such as the Mennonites (288). Mutations in the
genes encoding for the different components of the BCKD
have been identified. Different genotypes correlate with
the severity of clinical presentation (288,289).

C. Treatment: The Acute Episode

Acute management of MSUD patients follows the same
principles outlined for the treatment of organic acidemias
(see section on organic acidemias above). Patients with
MSUD usually require less bicarbonate than OA to correct
the metabolic acidosis. High-energy nutrition alone is not
sufficient to lower leucine levels rapidly (37). Therefore
dialysis should be considered early in the treatment, es-
pecially in patients with acute and severe encephalopathy
and/or with leucine levels above 1500 �Mol. Hemodial-
ysis, hemofiltration, and continuous blood exchange trans-
fusion, in this order, are the preferred methods for toxin
removal (24,114,291). As in OA, pancreatitis and brain
edema have been reported in acutely ill MSUD patients
(37,292–294). The latter has been documented in CT and
MR studies, which also showed dysmyelination of several
areas of the brain in patients under poor metabolic control
(295). Unlike in OA, secondary carnitine deficiency is not
common in MSUD patients.

D. Long-Term Management

Long-term treatment of UCD patients is also based on the
same principles as the organic acidemias (see section on
organic acidemias above). Because leucine is considered
the most toxic of the BCAA, leucine requirements are
followed to prescribe the diet. Occasionally, small
amounts of valine and isoleucine need to be added to the
diet because the tolerance for leucine is lower than of the
other two BCAA. Administration of thiamine is indicated
for thiamine-responsive patients. Prognosis of MSUD pa-
tients has dramatically improved due to the early diag-
nosis achieved through newborn screening programs
(NBS), intensive treatment, and availability of special for-
mulas. NBS programs are being performed using the tra-
ditional bacterial inhibition assay or new techniques such
as TMS. The later is being used in many centers to detect
not only MSUD but also many other IEM (109,110,296).
We have detected abnormal levels of leucine � isoleucine
and valine before 24 h of age in a patient with MSUD
whose sibling had a classic form of the disease (111).
These results suggest that TMS will lower the impact of
early discharge on newborn screening.

For children treated in specialized centers, survival is
100% (37,288). However, some degree of psychomotor
impairment seems to be present, even in patients with
early diagnosis and strict dietary treatment (294,297,298).
Successful pregnancies have been reported in patients
with intermediate MSUD who were evaluated with close
monitoring (288).
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I. PREVALENCE

Childhood obesity is one of the most complex and poorly
understood clinical syndromes in pediatrics. Obesity is a
common nutritional disorder among children and adoles-
cents in the United States, with an estimated prevalence
of 20% as compared to 30% in the adult population. A
study in Europe found that 15 and 22% of adult men and
women, respectively, were obese (1). Furthermore, 60 and
75% of men and women, respectively, in urban Samoa
were obese (2). It is estimated that obesity affects 7% of
the world’s adult population. The percentage of over-
weight children and adolescents has increased by almost
50% in the past two decades (3). This disturbing trend in
childhood and adolescent obesity parallels a concurrent
increase in prevalence of this disorder (4). It is estimated
that 10–20% of obese infants will remain overweight (5).
It has also been observed that about 40% of overweight
children will continue to have increased weight during
adolescence and 75–80% of obese adolescents become
obese adults (6). Moreover, more than one-third of over-
weight children will eventually become obese adults (7).
Obesity in children is expected to continue to increase into
the 21st century.

Obesity is present in every continent. This includes
the established market economies including the economies
of Europe, Latin America, the Caribbean, and the Middle

East. More worrisome is the fact that the body mass index
(BMI) in adults is expected to almost double in most of
the major market economies of the world by the year 2030
(8). France, the Netherlands, United Kingdom, and the
United States also report increasing prevalence of obesity
in children and adolescents. Data from 79 developing
countries and a number of industrialized nations suggests
that 22 million children under 5 years of age are over-
weight (>�2 standard deviations above National Child
Health Survey (NCHS) reference median weight for
height) (9). These increases in obesity may be partly due
to the greater social economic status of the market econ-
omies (10). In the future, the prevalence of childhood obe-
sity may be as much as the current rise in adult obesity,
but the consequences 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.

Many children are at high risk of becoming over-
weight between the ages of 3 and 10 years. This is the
time they begin school and socialization with other chil-
dren. Furthermore, the risk of becoming an obese adult
was 3–10 times greater if the child’s weight was greater
than the 95th percentile for their age. Obese parents im-
pose even a greater risk that their children will be over-
weight. There is a 75% chance that children aged 3–10
will be overweight if both parents were obese. This drops
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to a 25–50% chance with just one obese parent. These
statistics suggest that behavior modification or treatment
intervention at an early age may be important for pre-
venting future adolescent and adulthood obesity (11).

II. MORBIDITY

Obesity in childhood is a major public health problem and
is strongly linked to persistence into adulthood. This in-
creases the obese individual’s risks for hypertension (12),
hyperlipidemia (13), respiratory diseases (14), diabetes
(15), orthopedic conditions (16, 17), psychosocial disor-
ders (18), and social and economic consequences (19).

The altered nutritional state in obesity results in many
endocrine changes that disappear with weight loss. These
include excess insulin secretion, insulin resistance, and al-
terations at the level of the hypothalamic pituitary gonadal
and adrenal axis. Hyperinsulinemia of obesity is strongly
linked with cardiovascular diseases, including type 2 di-
abetes mellitus, hyperlipidemia, and hypertension (20).
Obesity is associated with hypertension in 10–30% of
children (12) regardless of age, gender, and duration.
Obese children and adolescents tend to have elevated lev-
els of total serum cholesterol, triglycerides, and low-den-
sity lipoprotein, and decreased levels of high-density li-
poproteins (12). They are also at increased risk for
coronary heart disease as they grow into obese adults (21,
22). With few exceptions, the clinical features of cardio-
vascular heart disease are not apparent until the third or
fourth decade of life. However, there is substantial evi-
dence that the atherosclerotic process is initiated during
childhood (23, 24).

In a study by Must et al., long-term morbidity and
mortality of overweight adolescents were examined (25).
They demonstrated that obesity in adolescent subjects
were associated with an increased risk of mortality from
all causes and disease-specific mortality among men, but
not among women. On the other hand, the risk of mor-
bidity from coronary heart disease and atherosclerosis was
increased in both men and women who had been obese
in adolescence. This suggests that body weight reduction
among the young may decrease the risks for many of the
obesity-related health disorders.

Increased cholesterol turnover and its concentration
in the bile of obese individuals predispose them to a high
incidence of steatohepatitis (26) and gallbladder disease
(27). Indeed, gallstones (cholelithiasis) have been reported
to be three times more common in morbidly obese people
than in normal subjects. Gallstones may also result while
the obese person is on a hypocaloric diet. This may be
due to mobilization of adipose tissue cholesterol during
weight loss (28). Furthermore, the risk of colorectal can-
cer 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 over-
weight in adulthood (29).

Syndrome X is a clinical quartet of hyperinsulinemia,
hyperlipidemia, hypertension, and subsequent cardiovas-
cular disease (30). It is believed that obesity is a com-
ponent of this metabolic syndrome and has been described
in obese children (31) and adolescents (32). In a more
recent study, Chen et al. suggested that syndrome X is
characterized by the linking of a metabolic entity (hyper-
insulinemia/insulin resistance, hyperlipidemia, and obe-
sity) to a hemodynamic factor (hypertension) through a
shared correlation with hyperinsulinemia/insulin resis-
tance. Clustering features of syndrome X are independent
of gender and age in both black and white populations
(33).

Nonautoimmune forms of youth-onset diabetes are
becoming increasingly prevalent as rates of obesity in
children and adolescents accelerate (15). Many health pro-
fessionals have recognized an emerging epidemic of type
2 diabetes mainly affecting minorities (34–36). Epide-
miological data obtained from various centers suggest an
almost fourfold increase in the prevalence of type 2 dia-
betes among minority groups such as Native, African, and
Hispanic Americans aged 10–19 years over the past 10
years (15, 37). Increasing prevalence of type 2 diabetes
in the youth is not limited to North America. For instance,
among Japanese junior high school students, the incidence
of type 2 diabetes is almost seven times that for type 1
diabetes (38). It is believed that the increasing incidence
of type I diabetes is associated with changing food pat-
terns and rising obesity rates among Japanese school chil-
dren (39). Children have hyperinsulinism as a result of
obesity, as do adults, and childhood obesity is commonly
associated with impaired glucose tolerance (40). The
stress of obesity and the increased demand for insulin dur-
ing adolescence explain the predominantly pubertal and
postpubertal onset of type 2 diabetes in obese children
(41).

Orthopedic complications of obesity are believed to
be largely of mechanical nature. During childhood,
slipped capital femoral epiphysis, Legg-Calve-Perthes dis-
ease, and genu valgum tend to be more common in obese
subjects. Orthopedic disorders such as Blount’s disease
(tibia vara) and slipped capital femoral epiphysis are fre-
quently seen in obese adolescents (16, 17).

Rapid weight gain or obesity during infancy and
childhood tends to be a risk factor for frequent respiratory
infections (14). The work of breathing is increased in
obese individuals and larger body mass places increased
demands for oxygen consumption and carbon dioxide
elimination. Many obese subjects suffer from chronic hy-
poxemia secondary to ventilation–perfusion mismatch.
This is characterized by increased ventilation of upper
lobes and increased perfusion of the lower lobes. Insuf-
ficient elimination of carbon dioxide, in some obese sub-
jects, leads to hypoventilation (pickwickian) syndrome
(42), which is characterized by chronic hypoxemia and
hypercapnia. These subjects have blunted respiratory drive
to both hypoxemia and hypercapnia.
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Sleep apnea is also seen in severe obesity and is char-
acterized by cessation of air flow for 10 s or longer on 30
occasions during 7 h of sleep. Parents of obese children
and adolescents usually report that their children snore
loudly and sometimes appear to stop breathing. Sleep ap-
nea is a major problem found to be associated with in-
creased risk of traffic accidents (43). The apnea may be
obstructive, central, or combined. In most patients, no an-
atomical abnormalities of the upper airway can contribute
to the development of obstructive sleep apnea (OSA). It
has been shown that the occurrence of OSA in obese sub-
jects is related to the size of the region enclosed by the
mandible (44, 45) and sites and sizes of fat deposits
around the pharynx, as well as subjects’ weight. In pa-
tients with OSA, alveolar hypoventilation results from in-
creased oxygen demand during the apneic episode. Co-
existent cardipulmonary or neuromuscular disease in
subjects with OSA can play a role in the development of
alveolar hypoventilation. During the apneic episodes, the
systemic blood pressure increases whereas the heart rate
and cardiac output decrease. Apnea-associated cardiac ar-
rhythmias have been frequently observed in patients with
OSA and increases their risk for cardiovascular mortality
(46). Relief of respiratory obstruction alleviates OSA.
This may be accomplished by weight loss and continuous
positive airway pressure (CPAP) during sleep.

Obesity is also accompanied by advanced skeletal
maturity (bone age) and early menarche (29). Amenor-
rhea, oligomenorrhea, and/or dysfunctional uterine bleed-
ing are common among obese adolescent females. Some
of these patients will also develop polycystic ovarian syn-
drome (47–49).

A. Psychosocial Impact of Obesity

In addition to the medical complications associated with
obesity, the juvenile-onset obese subject is also at risk for
psychological morbidity (18). It has also been shown that
obesity tends to confer disability greater than that asso-
ciated with other forms of chronic illness (19). This dis-
ability seems to be linked to the public nature of obesity.
Peer group discrimination is the factor that prompts par-
ents to seek treatment in their obese child. Even young
school-aged children have been observed to view their
overweight classmates as less desirable playmates (50).
Overweight children are frequently teased on the play-
ground and usually excluded from games. Obese children
are under considerable psychological stress and are gen-
erally viewed by society as clumsy, unattractive, and over-
indulgent.

Overweight children as young as 5 years of age have
been found to associate their obesity with lower body es-
teem and lower perceived cognitive ability. A parent’s
concern about obesity and restriction of food were asso-
ciated with negative self-evaluations among girls (51). In
one study a mothers’ own dietary restraint and concern
about their daughter’s obesity predicted child feeding

practices. This suggests that a mother’s control over her
daughter’s feeding practices and concern about the child’s
obesity may be an important, nonshared, environmental
influence on the daughter’s eating habits and relative
weight (52). Moreover, obese elementary school-aged
girls were more likely to be dieting and express concern
about their overweight than similarly aged boys (53). All
of these results suggest that childhood obesity can occur
early in a child’s life and has to be addressed by the whole
family.

Lowered self-image, heightened self-consciousness,
and impaired social functioning have been noted in some
individuals who either become or remain obese during
adolescence (54). Studies of obese adolescents have dem-
onstrated obsession with being overweight, passivity, and
withdrawal from social contact (18). Some investigators
have found similarities between the behavior of obese
subjects and racial minorities expressing prejudice (55).
In fact, it has been shown that the obese persons were less
likely to get admitted to a college than their lean coun-
terparts, although there were no significant differences in
their application rates, academic standing, or economic
background (56). Moreover, obese individuals are 20%
less likely to marry and are of lower income status than
normal-weight individuals with other chronic medical
conditions.

B. Economic Impact of Obesity

The increasing prevalence of obesity in adults is associ-
ated with rising health care costs. The cost of treating
obesity-related illnesses to the economy of United States
business sector has escalated in recent years. In one study
employees of United States businesses between 25 and 64
years old were classified as nonobese (BMI < 25 kg),
mildly obese (BMI 25–29), or moderately to severely
obese (BMI > 29). The cost of obesity to the medical
insurers of these businesses in 1994 was $12.7 billion,
including $2.6 billion as a result of mild and $10.1 billion
due to more severe obesity. Health insurance expenditures
for treating obesity-related illnesses such as hypertension,
type 2 diabetes, and coronary artery disease amounted to
43% of the total amount. The rest was the result of in-
creased sick leave, and life and disability insurance pay-
ments. Overall, obesity was responsible for 5% of all
health-related expenditures in the United States in 1994
(57).

Other countries have seen similar obesity-related in-
creases in health care costs in adults. For example, total
obesity-related health care costs for Canada in 1997 was
$1.8 billion or 2.4% of total health care expenditures. The
major contributors were hypertension ($656.6 million),
type 2 diabetes ($423.2 million), and coronary artery dis-
ease ($346.0 million). This represents a considerable
amount of available health care dollars for treating obe-
sity-related comorbidities in Canada (58).
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Health care cost can be tracked according to increases
or decreases in a standard measure of obesity, such as the
BMI. For example, health care costs for 5689 adults more
than 40 years old, who were enrolled in a Minnesota
health plan, were evaluated. Data were adjusted for age,
race, gender, and chronic disease status. Physical activity
was associated with 4.7% lower health care charges per
active day per week while BMI was associated with 1.9%
higher charges per BMI unit. Never-smokers with a BMI
of 25 and who participated in physical activity 3 days per
week had mean annual health care charges that were ap-
proximately 49% lower than physically inactive smokers
with a BMI of 27.5. These data suggest that adverse health
risks translate into significantly higher health care costs
(59).

The recent advent of specialized programs for treating
childhood obesity limits the amount of data available to
track specific costs. This is due to many of these programs
either being supported by outside funding or to their op-
erating costs being incorporated into adult obesity pro-
gram budgets. However, managed care organizations are
now beginning to offer benefits for the treatment of child-
hood obesity through better access to established com-
munity childhood obesity programs (60).

III. SOCIAL OBESITY

People want to be thin. They like to be slim and trim and
they fear being even a little bit overweight. This fear is
present among all individuals, even those who are not
overweight, but who want to be thinner (61, 62). The likes
and dislikes of the population have changed. In the past,
excess body fat was a symbol of wealth, power, and
status. Now people do not like this type of appearance.
Even children, by the time they reach the first grade, pre-
fer other disabilities to obesity (63). 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 (61).

The fear of obesity may lead people to both health-
promoting and health-compromising eating behaviors.
Health promoting activities include exercising; eating
fruits, vegetables, and reduced-fat food; limiting the
amount of food eaten; and avoiding sweets and junk food.
Health-compromising activities involve the use of diet
pills, laxatives, or water pills; self-induced vomiting; skip-
ping meals; dieting and fasting (64).

A. Children

Currently, a large portion of the population, including
children, is attempting to lose weight. While children
should be learning to enjoy food, it appears that they are
dieting without supervision. Dieting in childhood is be-
coming a common habit. Very young children are report-
ing frequent dieting. A recent national survey found that
31% of fifth grade girls have dieted (64). Abramovitz and

Birch explored 5-year-old girls’ ideas, concepts, and be-
liefs about dieting. They found that 34–64% of the girls
had ideas about dieting and weight loss and understood
the link between eating and body shape. Girls’ knowledge
about how people diet is inappropriate. These included
descriptions of modified eating behaviors, such as drink-
ing diet shakes and sodas, eating more fruits and vege-
tables, and use of special diet foods and restrictive eating
behaviors. Mothers seem to be modeling both health-pro-
moting and health-compromising eating behaviors to their
daughters. Girls whose mothers reported current or recent
food restriction were more than twice as likely to have
ideas about dieting (65). Another factor found to influence
girls’ ideas, concepts, and beliefs about dieting is family
history of overweight. The media was also mentioned by
55% of the children as a source of dieting ideas (66).

Children not only diet, they also worry about their
body appearance. More and more children are concerned
about and dissatisfied with their body image. Studies have
shown that 55% of girls and 35% of boys in grades 3–6
want to be thinner (66). The Children’s Version of the
Eating Attitudes Test showed a negative correlation with
children’s BMI (66). It was found that 4.8% of them had
scores suggestive of anorexia nervosa. Stice et al. found
that eating disturbances that emerged during childhood led
to inhibited and secretive eating, overeating, and vomit-
ing. Maternal body dissatisfaction, internalization of the
thin ideal, dieting, bulimic symptoms, and maternal and
paternal body mass prospectively predicted the emergence
of childhood eating disturbances. Infant feeding behavior
and body mass during the first month of life also predicted
the emergence of eating disturbances (67).

Parents who worry about their children becoming
overweight may set the stage for a vicious cycle. Johnson
and Birch found 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 (68).
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 con-
sume (68). The Framingham Children’s Study showed that
children 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 (69).

B. Adolescents

There is a high prevalence of extreme measures taken by
high school students throughout the country to avoid obe-
sity (70–72). They often diet and have inappropriate eat-
ing 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 (73, 74).
This can adversely affect their growth, resulting in nutri-
tional dwarfing (75).
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Neumark recently published results from a national
survey examining weight-related behaviors among 6728
American adolescents in grades 5–12 (64). Almost half
of the female population (45%) and 20% of male adoles-
cents reported dieting. Older adolescent girls were signif-
icantly more likely to diet than younger ones. Dieting was
reported by 31% of fifth graders and increased consis-
tently to 62% among the 12th graders. The largest in-
crease was among adolescent girls between the eighth
(40%) and ninth (53%) grades. Thirteen percent of the
girls and 7% of the boys reported disordered eating be-
haviors (64).

In another study, Neumark studied 3832 adults and
459 adolescents from four regions of the United States for
weight-control behaviors. Based on gender, weight-con-
trol 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 (76).

Moses et al. showed that high school adolescents in
an affluent suburban location were dieting at a very high
rate. Forty-one percent of the adolescents were dieting on
the day of the survey. Sixty-seven percent of all the ad-
olescents had made on their own important dietary efforts
during the past 4–8 weeks. Dieting occurred in normal-
weight and underweight students. About 30% of dieters
were among the underweight and those of normal weight
for height. However, the proportion of the overweight stu-
dents who were dieting was relatively low: 50–60% (62).

A distorted perception of ideal body weight (below
appropriate body weight for height) is very prevalent
among high school students. Adolescents often know what
their ideal weight should be, but some prefer to be 10%
less than their ideal weight for their height (62). Health-
compromising behaviors and the fear of obesity may have
detrimental consequences in children. Inappropriate nutri-
ent intake may lead to nutritional dwarfing, failure to
thrive, and various other nutritional problems, as de-
scribed in another chapter of this book and elsewhere (76).

C. Dieting/Body Image Problem

It is important to pay close attention to the new classifi-
cation scheme related to behavioral and mental health
concerns for children and adolescents published in 1996
by the American Academy of Pediatrics. The Diagnostic
and Statistical Manual for Primary Care (DSM-PC) is
now paying attention to dieting/body image behaviors that
were, in the past, not considered to be eating disorders.
Older children and younger adolescents may exhibit be-
haviors that do not meet full DSM-IV criteria, yet still
deserve attention. The two specific complexes in the
DSM-PC related to eating disorders are: dieting/body im-
age behaviors and purging/binge-eating behaviors (77).
There are two levels of pathology for both of these be-
havior patterns that are not healthy, but do not fulfill
DSM-IV criteria for an eating disorder. In DSM-PC, var-

iations constitute minor deviations from normal that still
might be of concern for a parent or clinician (77).

An adolescent with a dieting/body image problem
will be one who exhibits voluntary food limitation in a
pursuit of thinness. He or she experiences a systematic
fear of gaining weight that extends beyond a simple diet-
ing/body image variation. However, the intensity of the
problem does not meet criteria for anorexia. An obese
adolescent who exhibits dieting/body image behaviors and
or purging/binge-eating behaviors has a more complicated
problem which adds to the difficulties in treatment and
long-term health.

IV. GROWTH 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 mistak-
enly considered obese since they have excess body
weight. Since they do not have excess body fat, they are
not obese but their relative weight for height may be
above 120%, which is a commonly used criterion of obe-
sity in children.

Age-specific growth charts (73) allow a more precise
assessment of a child’s nutritional status. These charts
help the clinician to evaluate a child’s weight and its re-
lationship to height. They also provide a view of the pre-
vious growth patterns and thus establish the presence of
obesity more accurately. However, weight and height
nomograms also fail to take into account the frame size
and body composition of the patient. The importance of
growth charts in the evaluation of childhood obesity is
illustrated in the example shown in Figure 1. Julie is a 5-
year-old girl with a pattern of morbid obesity. Review of
her growth records revealed that Julie’s rate of weight
gain became excessive after 3 months of age and pro-
gressed at an accelerated pace after 1 year of age. This
coincided with acceleration of linear growth. The final
point on Julie’s growth chart (weight: 50 kg; height: 116.5
cm) represents 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 life span.
These two types of growth patterns provide clear evidence
of two distinct clinical patterns necessitating different ap-
proaches. In Julie’s case, all efforts need to be made to
stop the disproportionate body weight accretion; in Mi-
chael’s case, caution must be exercised not to interfere
with the balance and adjustment already achieved by the
patient in maintaining body weight. In a survey of high
school children, Moses et al. showed that constitutional
patterns of overweight are encountered in about 25% of
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Figure 1 Growth pattern of a patient with severe obesity
before and after treatment was initiated. Note that the patient
was gaining excess weight for height that started after 3
months of age. Her BMI was 36.8 at the time of his first
visit.

Figure 2 Growth pattern of a patient with constitutional
overweight. Note that the patient’s weight was in excess for
height but remained proportional throughout his life. His
BMI at 10 years old was 24.

the students with excess body weight for height, remain-
ing proportional throughout their school years (62). The
morbid obesity pattern of growth is 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 recommenda-
tions for treatment.

A. BMI

Body mass index (BMI) is a widely used method to define
the relationship between weight and height (78). The BMI
is calculated as weight (kg)/height(m2) and provides a
practical clinical tool for classification of individuals with
normal and those with various degrees of obesity (grades
I–III): grade I, BMI 25–29; grade II, BMI 30–40; and

grade III, >40 BMI. The BMI system of classification of
obesity is important because it has been found that the
risk for medical complications of obese patients increases
at BMI levels above 25 (79). According to the National
Center for Health Statistics’ Health and Nutrition Exam-
ination Survey (80), individuals with a BMI above 27
have a markedly increased risk for hypertension, hyper-
cholesterolemia, and diabetes mellitus. In contrast, when
the BMI index is less than 25, there are no apparent phys-
ical effects of obesity on the individual, although there
may be social problems and psychological concerns with
body appearance. However, the use of BMI has limited
applications in the assessment of overweight children
since its calculation is based primarily on a stable height,
which is not applicable to growing children. Also, the
BMI can underestimate the percentage of lean body mass
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since it does not account for variations in musculature;
this could lead to classification of normal children as be-
ing overweight.

Charts of BMI relative to age are used in many coun-
tries to determine childhood obesity. They are easy to use,
nonintrusive, and have been validated against measures of
body fat. Many countries, including the United States, use
the 85th percentile for BMI to define children who are
overweight and then above the 95th percentile for obesity
in children. Furthermore, no differences in the relationship
between BMI and age exist among boys and girls up to
age 20 from the United States, United Kingdom, Japan,
and Singapore (81).

The stage of maturity may cause additional errors
when BMI is used to determine obesity in children and
adolescents from different ethnic groups (82). In spite of
these ethnic differences, BMI correlates (>0.8) with body
fat as determined by both skinfold thickness measure-
ments and by densitometry (83). This suggests that BMI
is a reasonable criterion for determining obesity in chil-
dren and adolescents.

There are several potential errors associated with
BMI as an indicator of obesity in children. The increasing
height in children from birth until adulthood 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 intro-
duce another change in the weight-for-height relationship.
Ethnic origin and social class may also affect both body
weight and height. However, in adults, these relations are
simpler because adult height is assumed to be fixed.
Therefore, body weight is adjusted for height only. Usu-
ally this adjustment takes the form of body weight/height2.
However, this is not always the best adjustment depending
on the age of the child. 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 skinfold thickness. The strongest
relationships with skin-fold 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
define which Benn index to use at certain ages will lead
to more errors than if just one standard Benn index is
used, such as the current Benn index of 2.0 (84).

B. Key Indicators

In the United States, percentiles are the most commonly
used method for clinical monitoring of individual growth.
In 2000 the National Center for Health Statistics (NCHS)
growth charts were revised. The revised growth charts will
include growth curves for BMI and utilize newer mathe-
matical methods for curve smoothing. New data from the
third cycle of the National Health and Nutrition Exam-
ination Survey (NHANES III) showed increased prev-

alence of overweight in children. Currently being de-
bated is whether it is appropriate to exclude the heavier
NHANES III children in the revised growth reference
data. For height and weight, percentiles increase mono-
tonically with age. This should be preserved in any curve-
smoothing process while still maintaining some variabil-
ity. Methodologies for smoothing curves include cubic
splines, kernel regression, locally weighted regression,
and running medians. Locally weighted regression is cur-
rently being applied to the NCHS chart revisions. Revised
NCHS growth charts for BMI may eliminate subtle errors
in some of the percentiles currently used to define child-
hood obesity.

C. Skinfolds

Skinfold thickness from several separate sites, including
both trunk and extremities, provide a reliable estimate of
obesity and regional fat distribution. The correlation of
multiple skinfold measurements with total body adiposity
is in the range of 0.7–0.8. 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 through the sum of the skinfolds remains
constant. This means that the fat deposition with age oc-
curs in large part at sites other than subcutaneous ones
(85). Also, triceps skinfold (TSF), which is typically the
site of measurement, is often difficult to grasp and mea-
surement 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
measures are interchangeable for use in classification of
individuals and in the evaluation of secular trends of obe-
sity and super obesity (86).

D. Body Fat

Several methods are available for the estimation of body
fat content. These include methods that measure body
density derived from its specific gravity, that is, the
weight of body 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; however, bioelectrical impedance analysis
(BIA) has been commonly used as a noninvasive and
inexpensive method for estimation of body fat and lean
mass (87). Bioelectrical impedance relies on the associ-
ation between conductivity and tissue fluid and electro-
lyte content. It has proved to be fairly reliable in assess-
ing total body water, but is less reliable in the estimation
of body fat, especially in obese children (88, 89). Other
noninvasive methods, such as the use of ultrasound
waves applied to the skin, can provide a measure of fat
depth. In a group of children, Czinner et al. demonstrated
a significant correlation (r = 0.969) between the body
adiposity (skin fold thickness) measured with ultrasound



830 Alemzadeh et al.

and calipers (90). However the data derived from ultra-
sound method were 15–25% lower than fat obtained by
calipers. The authors concluded that the ultrasound-de-
rived body fat estimates represented only the subcuta-
neous 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 quantities of intra-abdominal (vis-
ceral) fat and is superior to waist to hip ratio (WHR) in
evaluating regional fat distribution and visceral adiposity
(91).

Dual energy x-ray absorptiometry (DEXA) has been
used as a reliable method for estimating fat-free mass and
body fat. It has a unique ability to provide precise mea-
sures of regional fat mass, lean mass, and bone mineral
content (92, 93). The DEXA technique can also be utilized
for the evaluation of fat distribution and its role in insulin
resistance syndrome and cardiovascular risk factors (94).
Computerized axial tomography (CT) scan and magnetic
resonance imaging (MRI) can also be used to quantitate
lean and fat tissue. They provide accurate anatomical de-
tails and can reliably measure total and regional body ad-
iposity. Numerous studies have shown the feasibility of
using CT scans to measure human adiposity (95). In a
recent study, Ross et al. (96) demonstrated that MRI can
provide a reliable measure of subcutaneous and visceral
adipose tissue in obese subjects. A principal benefit of
measuring adipose tissue by MRI or CT is the develop-
ment of mathematical equations from external anthropom-
etry that can predict MRI adipose tissue.

E. Total Body Electrical Conductivity

Validation for the use of total body electrical conductivity
(TOBEC) for body composition measurements in infants
has allowed accurate determinations of fat-free mass 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
5 min and does not require that infants or young children
be sedated. This method involves passing an individual
through a large solenoidal coil driven by a 2.5 MHz os-
cillating radiofrequency that generates a magnetic field.
Upon passage through the instrument, all electrolytes,
with fat-free mass containing the majority, contribute to
disruption of the magnetic field. The instrument registers
the magnitude of the magnetic field disruption and pro-
vides a value referred to as the TOBEC number. The
TOBEC number depends on the conductivity, the length
and cross-sectional area of the conductor, as well as elec-
trical and coil parameters. The TOBEC number equals the
instrument constants multiplied by the length and volume
of the conductor. The square root of the TOBEC number
(SQRT TOBEC # � length) has been found to be directly
correlated with fat-free mass and fat mass in Hanford pig-
lets (97).

F. Air Displacement Plethysmography

Until recently, there was no easy-to-use and accurate
method to determine body composition in adults. The re-
cent availability of the BodPod Body Composition System
has allowed accurate determinations of body composition
without the associated problems with hydrostatic weight-
ing (98). The principle of the method is similar to hydro-
static weighting except that body volume is now obtained
by air displacement. Subjects sit for 2 min in a 450 l
chamber and a moving diaphragm determines the differ-
ence in air pressure between where the subject is sitting
in the front chamber and a rear reference chamber. The
pressure difference, along with the subject’s body weight,
are used to calculate body volume. From these results,
body density is calculated and any of the standard equa-
tions for calculating fat-free mass and fat mass can be
used. The procedure is entirely safe and requires no spe-
cial cooperation on the part of the subject. In a validation
study with 68 subjects, no differences were found in fat-
free mass and percentage body fat when determined by
both the BodPod Body Composition System and hydro-
static weighting (99). Furthermore, the BodPod Body
Composition System can accommodate adults up to 160
kg (350 lb).

In children the BodPod Body Composition System
may underestimate body fat. In one study body density
was determined in 54 boys and girls from 10 to 18 years
of age by both the BodPod Body Composition System
and hydrostatic weighing. Body fat values calculated from
both of these densities were compared to those determined
by DEXA. Body fat calculated from both the Bodpod and
DEXA were correlated; however, body fat estimates from
the Bodpod were 2.9% lower than those derived from
DEXA. This may be due to the significantly higher body
density obtained from the Bodpod Body Composition
System. These results suggest that body fat percentages in
children derived from the Bodpod Body Composition Sys-
tem may not be as accurate (100).

G. Fat Distribution

In recent years, several studies have revealed major mor-
phological and metabolic features that differentiate upper
from lower body obesity (101–103). In adults, body fat
distribution is more important than percentage body fat in
predicting morbidity. Adults with a preponderance of ab-
dominal fat (‘‘android’’) have a higher frequency of hy-
pertension, hyperinsulinernia, diabetes, and hyperlipider-
nia than equally obese individuals with predominantly
pelvic (‘‘gynecoid’’) fat distribution. The distribution of
body fat is assessed using WHR. Increasing WHR in ex-
cess of 0.8 has been accompanied by abnormalities in glu-
cose, insulin, and lipoprotein homeostasis (104, 105).
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
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obese individuals (90, 93). On the other hand, using CT
scan, MRI, or visceral-to-subcutaneous fat tissue ratio
(VSR) has been shown to be a better index of regional fat
distribution than WHR (106, 107). Furthermore, VSR cor-
relates more closely with metabolic variables such as lev-
els of serum lipids, insulin, and glucose than WHR. A
WHR greater than 0.8 has been associated with hyperin-
sulinernia, insulin resistance, and future development of
noninsulin-dependent diabetes mellitus (NIDDM) in
adults. In Julie’s case (Fig. 1), the WHR was 0.96 with
significant upper body adiposity, whereas Michael’s WHR
was 0.76 with modest subcutaneous adiposity. The pres-
ence of upper body obesity in markedly obese children
may be associated with development of acanthosis nigri-
cans (brownish discoloration of skin) along the skin
creases of posterior cervical, axillary, and other flexural
areas.

V. WHO IS AT RISK?

A. Infants and Children

It has been shown that parental fatness is related to future
obesity in their children. When both parents are over-
weight, 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% (107). However, the reasons for these
associations are not clear since most of the studies fail to
separate the genetic and environmental influences in a
critical way.

The susceptibility to obesity may begin at birth as a
consequence of metabolic variations in energy expendi-
ture. Roberts et al. (108) demonstrated that excessive
weight gain among a group of infants born to obese moth-
ers was accompanied by reduced level of physical energy
expenditure (108). This was probably the result of infants
mimicking the activity patterns of their moderately inac-
tive parents or siblings. Furthermore, Ravussin et al. ob-
served decreased levels of energy expenditure in obese
compared to nonobese families (109). These findings are
similar to another study in which energy intake at 6
months predicted body fatness by 1 year of age (110). In
contrast, several studies have found that energy intake in
infants less than 3 months old is not a determinant of body
fatness by 2–3 years of age (111, 112). Later studies have
verified that parental fatness is related to the incidence of
their children becoming obese.

Previous metabolic studies in infants cited above
(109–112), which tried to identify alterations in metabolic
rate that may contribute to future obesity, were inconclu-
sive. Recent improvements in indirect calorimetry tech-
nology have enabled more accurate measurements of in-
fant energy expenditure. The new Enhanced Metabolic
Testing Activity Chamber (EMTAC) has been validated
for accurate measurements of the components of energy

expenditure, such as resting and sleeping metabolic rates,
along with physical activity, in infants from birth to 6
months old (113). Furthermore, during metabolic mea-
surements in the EMTAC, parents have unrestricted access
to their infants in a comfortable environment that is as
close to normal as possible. This eliminates potential er-
rors in energy expenditure due to stress caused by forced
separation between parents and infants for long periods of
time. With this new technology future metabolic studies
in infants will be able to determine if changes in just one
or more of the components of energy expenditure con-
tribute to future childhood obesity.

Some of the physiological components of obesity
found in adults may apply to infants from the time of
birth. For example, a change in the utilization of nutrients
as determined by the RQ (114), a lower than average body
temperature (115), and sleeping body core temperature
(116) may contribute to additional positive energy bal-
ance, thus leading to body weight gain in infants. A recent
study using microneurographic recordings of sympathetic
nervous system activity found that lower sympathetic ner-
vous system activity occurs in obese adults (117). How-
ever, no current studies have addressed any of these po-
tential causes of childhood obesity.

Weight gain and adiposity in infancy and early child-
hood are also influenced by several environmental factors
(118). For instance, birth weight, duration of feeding,
male gender, and age at the introduction of solid foods
seem to affect significantly the rate of weight gain during
the first year of life. Maternal weight only becomes a sig-
nificant determinant for adiposity during the second year
of life. The latter probably reflects the maternal environ-
mental influences that may contribute significantly to the
development of obesity since they determine child’s en-
ergy intake and expenditure (119).

Vigorous feeding of infants and children may set the
ground for the development of obesity (120, 121). Over-
weight children have been observed to eat more rapidly
and chew their food less than those of normal weight
(121). The influence of many environmental factors on the
rate of weight gain, with or without a genetic suscepti-
bility, has been evaluated by some investigators (122).
Body adiposity and growth of newborns are influenced
significantly by maternal weight and rate of weight gain
during the prenatal period (123). It has long been ob-
served that infants of diabetic mothers have increased
body adiposity at birth and at 1 year of age (124). It has
also been shown that macrosomic infants of mothers with
gestational diabetes mellitus (GDM) have evidence of in-
creasing body size and adiposity with increasing age and
that maternal GDM and maternal prepregnant adiposity
are significant predictors of their unique growth patterns
(125).

In a subsequent study, differences of up to 500 cal-
ories per day in energy expended as a result of sponta-
neous physical activity (i.e., fidgeting) were observed
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among obese children compared to normal-weight chil-
dren (126). Differences in basal metabolic rate (BMR) and
physical activity were found in 3–5-year-old offspring of
obese parents. Basal metabolic rate of children with at
least one obese parent was 10% lower than that of chil-
dren with lean parents (127). Children of lean parents had
about twice the energy expenditure for physical activities
of children with at least one obese parent, suggesting that
children of obese parents are less physically active.

B. Teens

Obesity in teenagers is fast becoming a national concern.
The latest results from NHANES III (1988–1994) found
a high prevalence of adolescent obesity. Of 2850 children
ages 12–18 years, 16% were overweight (85th percentile
< BMI < 95th percentile), and 10% were obese (BMI >
95th percentile). However, a South Carolina Health Main-
tenance Organization (HMO) determined BMI in 30,445
children during the years 1995–1997 to determine the
prevalence of childhood obesity in their members’ popu-
lation (128). The criteria for overweight and obesity were
similar to those mentioned for NHANES III. In this sub-
ject sample 35 and 34% of the boys and girls, respectively,
aged 12–17 years, were overweight. This means that 1:3
children in this HMO was above normal weight. Further-
more, 19% of the boys and 18% of the girls in this pop-
ulation were obese. The prevalence of obesity in this ad-
olescent population was greater than that obtained from
NHANES III (128). These surveys suggest that more pro-
grams specific for treating obesity in teenagers may be
necessary.

VI. GENETICS

It has long been known that obesity runs in families.
Obese parents impose even a greater risk that their chil-
dren will be overweight. There is a 75% chance that chil-
dren aged 3–10 will be overweight if both parents were
obese. This drops to a 25–50% chance with just one obese
parent. These statistics suggest that behavior modification
or treatment intervention at an early age may be important
for preventing future adolescent and adulthood obesity
(11).

A. Twin Studies

The role of genetic factors in obesity was evaluated by
Stunkard et al., who demonstrated no relationship between
the body fat indices of adoptive parents and their adoptive
children (129). They showed that BMI of biological par-
ents was more closely correlated with the weight status of
their offspring although they did not live together. The
importance of the genetic component was also confirmed
by a more recent study involving monozygotic twins
(130). The BMIs of identical twins reared apart compared
with those reared together were essentially the same. Also,

the use of skinfolds as genetic markers in twins has been
reported (131). With the use of correlation coefficients to
estimate the heritability of skinfold thickness, it has been
shown that there was a significant environmental com-
ponent among children less than 10 years, whereas heri-
tability estimated in twins more than 10 years of age was
very high. In a recent study involving Swedish adult
twins, Heitmann et al. (132) recently suggested that al-
though food choices seemed to play a role in the fre-
quency of consumption of various foods, genetics also
influenced the preference for several foods. However,
there was no evidence that the consumption frequency of
any of the foods was differentially associated with ex-
pression of genes responsible for weight gain.

B. Leptin

A major advance in understanding the pathogenesis of
obesity is the discovery of the hormone leptin. It is pro-
duced by adipose tissue and has been found to modify
feeding behavior in rodents by suppressing food intake
and stimulating energy expenditure (133, 134). Leptin ex-
erts its actions centrally on appetite and thermogenic con-
trol centers located in the hypothalamus. It is believed that
obesity in humans is due to a desensitization of leptin
reception within the hypothalamus, resulting in hyper-
phagia (133–135). Obese individuals have marked ele-
vation of their plasma levels of leptin directly proportional
to body fat mass (136). Sustained elevated levels of
plasma leptin are proposed to uncouple leptin actions on
its receptors in the hypothalamus, thereby attenuating sig-
nal transduction pathways that exert the effects of the hor-
mone on satiety and energy expenditure (133, 137). Fur-
thermore, leptin acts directly on receptors in pancreatic
beta-cells to suppress insulin secretion in rodents (138–
140). Thus, some have proposed the existence of an adi-
poinsular axis in which insulin stimulates adipogenesis
and leptin production, and leptin inhibits insulin secretion
through its effect on beta-cell ATP-sensitive potassium
channels (141). Seufert et al. recently proposed that in
obese individuals leptin reception by beta cells is desen-
sitized, similar to what is proposed to occur at the level
of the hypothalamus (142). This desensitization of sup-
pression of insulin secretion of beta cells contributes to
the hyperinsulinemia of obesity. Hyperinsulinemia, in
turn, leads to increased adipogenesis and insulin resis-
tance, culminating in some individuals in the development
of diabetes.

The recent discovery of the obese (Lep) gene (143)
has provided new insights into the regulation of energy
metabolism in the body (Fig. 3). The Lep gene is specif-
ically expressed in adipocytes (143, 144) and encodes a
167 amino-acid-secreted protein called leptin. The physi-
ological importance of quantitative changes in leptin con-
centration indicates that regulation of the Lep gene is a
critical control point (145–147). Leptin receptors have
been found in several hypothalamic nuclei, including the
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Figure 3 Schematic of the current view of the roles of leptin in energy homeostatsis.

arcuate nucleus, ventromedial, lateral, dorsomedial, and
paraventricular hypothalamic nuclei (148). These hypo-
thalamic nuclei express one or more neuropeptides and
neurotransmitters that regulate food intake and/or body
weight. Genetic data indicate that neuropeptide Y (NPY)
and one or more of its receptors act in response to absent
(and possibly low) leptin, whereas melanocyte-stimulating
hormone (MSH), its receptor, the melanocortin-4 receptor,
and possibly the agouti-related transcript (ART) are re-

quired for the response to an increased plasma leptin con-
centration (149). Neuropeptide Y is the most potent or-
exigenic agent known when administered intrathecally.
Neuropeptide Y mRNA is increased in ob/ob mice and
decreases after leptin treatment (150). Leptin also in-
creases corticotropin-releasing hormone (CRH) gene ex-
pression and synthesis (151), which, in turn, inhibits food
intake and increases energy expenditure (152). Con-
versely, food intake has effects on both the plasma leptin
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concentration and Lep gene expression. Fasting decreases
and refeeding increases Lep gene expression (153, 154)
and the plasma leptin concentration (155).

It is believed that decreased leptin expression per adi-
pocyte could lead to obesity with normal (but inappropri-
ately low) plasma leptin concentrations. This hypothesis
is supported by the observation that ob/ob mice carrying
a poorly expressed leptin transgene are obese, despite hav-
ing relatively normal leptin levels (147). Similarly, 5–
10% of obese human subjects have relatively low levels
of leptin, indicative of a reduced rate of leptin production
in this subgroup (156). Low leptin levels also predispose
preobese Pima Indians to weight gain (157). In almost all
cases, obese subjects express at least some leptin, indi-
cating that human Lep gene mutations are likely to be
rare. Except for a few reported cases of Lep mutations in
massively obese subjects (158, 159), researchers have not
been able to demonstrate Lep mutations in most obese
subjects (160). Although the Lep gene has been linked to
severe obesity in some family studies, mutations in the
leptin-coding sequence were not identified (161, 162). The
molecular basis for this association is unknown but could
be related to differences in the amount of expression of
leptin mRNA. Loci on human chromosome 2 may be
linked to leptin levels and, to a lesser extent, to BMI
(163). These loci are near the gene for human pro-
opiomelanocortin (POMC), which is a precursor of MSH.
It has been shown that abnormal melanocortin signaling
in yellow agouti (Ay ) or melanocortin-4-knockout mice
leads to obesity and leptin resistance (164). A subset of
neurons expresses both Lep receptor and POMC, and lep-
tin modulates POMC gene expression (165). Krude et al.
(166) recently described two red-haired subjects with se-
vere obesity and adrenal insufficiency. It has also been
shown that agonists of beta MSH and MSH decrease food
intake and pretreatment of animals with a beta-MSH an-
tagonist blunts the anorectic effect of injected leptin (167).
Therefore, association of mutations in leptin and its re-
ceptor with massive obesity confirms its importance in
regulating human body weight (168). However, these syn-
dromes are rare.

Changes in Lep gene expression have been shown to
be associated with parallel changes in plasma insulin con-
centration (169). Since insulin itself has a stimulatory ef-
fect on Lep gene expression and leptin secretion (170), it
is likely that feeding-induced changes in leptin concentra-
tions are dependent on insulin. Furthermore, insulinemia
has been shown to regulate plasma leptin and to be a
determinant of its plasma concentration in normal-weight
and obese human subjects (171). In fact, plasma leptin
level in obese children and adults correlates not only with
the degree of insulinemia but also with percentage of body
fat (171), suggesting that human obesity is generally as-
sociated with an insensitivity to leptin. However, inves-
tigators have recently reported that inadequate insulin-in-
duced leptin production in obese insulin-resistant subjects
may contribute to the development of obesity (172).

Lahlou et al. recently suggested that increased cir-
culating leptin concentrations during the dynamic phase
of childhood obesity are indicative of leptin resistance
(173). They observed that leptin did not act as an appetite
regulator in the obese children without a significant im-
pact on basal energy expenditure. These investigators also
showed that obese girls had higher leptin levels than boys.
A comparable gender-related difference was found in non-
obese children. This sexual dimorphism of circulating lep-
tin levels could reflect a physiological role in the regula-
tion of reproduction in humans. In mice, while the ob/ob
males are normally fertile, administration of leptin to in-
fertile female ob/ob mice is needed to restore fertility
(174). It is therefore possible that leptin plays a role in
the female gonadostat as a signaling hormone reflecting
the amount of fat stores at the hypothalamic–pituitary
level or directly at the ovarian level (175). It is likely that
quantitative and possible functional changes in adipose
tissue of girls entering puberty may physiologically in-
crease leptin to levels that allow the hypothalamic–pitu-
itary–gonadal axis to complete sexual maturation and pre-
pare for pregnancy. The sexual dimorphism for circulating
leptin levels observed in lean girls and boys is consistent
with these metabolic considerations. Thus, the lack of pre-
mature puberty despite hyperleptinemia in massively
obese girls could be taken as an additional index of central
leptin resistance.

Finally, leptin increases energy expenditure by direct
effects on CNS and the peripheral tissues. Leptin infusion
into the CNS increases sympathetic activity to brown ad-
ipose tissue, kidney, and adrenal gland (176). However, it
is not yet known whether blockage of beta-adrenergic re-
ceptors attenuates leptin-induced weight loss. Thus the
role of the sympathetic nervous system in mediating the
weight-reducing effect of leptin is not yet established.
Leptin also prevents reduced energy expenditure normally
associated with decreased food intake (145). Administra-
tion of leptin also decreases blood glucose and insulin
concentrations in ob/ob mice (177). Leptin induces deple-
tion of triglyceride in adipose tissue and pancreas by in-
creasing intracellular fatty acid oxidation and gene ex-
pression of the enzymes involved in fatty acid oxidation
(178, 179). Leptin also increases the expression of un-
coupling protein-2 (UCP-2) in adipose tissue and pancreas
(179). Uncoupling proteins disrupt the mitochondrial pro-
ton gradient in brown fat (and possibly other tissues), re-
sulting in the generation of heat rather than ATP. However,
it has been suggested that leptin treatment does not cause
a net increase in 24 h energy expenditure but instead
blunts the decreased energy expenditure that generally ac-
companies food restriction (145). It is thus uncertain
whether leptin increases energy expenditure or activates
uncoupling protein. In summary, a complex physiological
system has evolved to regulate fuel stores and energy bal-
ance at an optimum level. Leptin and its receptors are
integral components of this system. Although the entire
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pathogenesis of human obesity is unknown, it is assumed
to be, in part, the result of differences in leptin secretion
and/or leptin sensitivity and its interaction with underlying
genetic and environmental factors.

C. Ghrelin

Ghrelin is an acylated peptide hormone recently purified
from rat stomach. The hormone consists of 28 amino acids
in which the serine-3 residue is n-octanolylated. It is pri-
marily synthesized in the stomach but its principal site of
action is growth hormone secretagogue receptors located
on hypothalamic neurons and in the brainstem. Only two
amino acids are not conserved between rat and human
ghrelin. The main function of ghrelin is the regulation of
pituitary growth hormone secretion independent of
growth-hormone-releasing hormone and somatostatin. It
has been suggested that ghrelin is an endocrine link be-
tween the stomach, hypothalamus, and pituitary. This may
be important for the regulation of energy balance (180–
182).

There may be different effects between rodents and
humans in regard to the action of ghrelin. For example,
peripheral daily administration of ghrelin to both rats and
mice caused body weight gain by reducing fat utilization.
Furthermore, intracerebroventricular administration of
ghrelin in increasing amounts generated a dose-dependent
increase in food intake and body weight gain. Through
the measurement of 24 h energy expenditure in a rodent
calorimeter, ghrelin was found to exhibit its effect by in-
creasing carbohydrate and reducing fat utilization without
any changes in food intake. This was determined from the
RQ derived from the ratio of carbon dioxide production
and oxygen consumption. This change in nutrient utili-
zation resulted in an increased amount of body fat without
any corresponding changes in fat-free mass or bone min-
eral content. Furthermore, no changes occurred in energy
expenditure or physical activity (182). It was theorized
that the concentration of serum ghrelin will be increased
in obese humans. Furthermore, predominantly obese eth-
nic groups, such as the Pima Indians of Southern Arizona,
would have the greatest plasma concentrations of ghrelin.
In one study, 15 lean and obese white subjects and 15
lean and obese Pima Indian adults had plasma ghrelin,
insulin, and leptin determined. In contrast to the hypoth-
esis, both obese groups had significantly lower plasma
ghrelin concentrations than the respective lean groups.
Furthermore, plasma insulin and leptin concentrations
were increased. Moreover, plasma ghrelin concentrations
were negatively correlated with body weight, percentage
body fat, as well as plasma leptin and insulin. These data
suggest that plasma ghrelin is downregulated in obesity.
This may result from increased concentrations of both lep-
tin and insulin. These investigators further suggest that
reduced plasma ghrelin concentrations may represent ad-
aptation to a positive energy balance associated with obe-
sity (183).

D. Adipose Tissue Endocrine Functions

Adipose tissue is comprised of lipid-filled cells sur-
rounded by a matrix of collagen fibers, vessels, fibro-
blasts, and immune cells. Its main function is the storage
of triglycerides for times of energy deprivation. However,
adipose tissue may be involved in other aspects of metab-
olism that may affect the onset of obesity. Adipose tissue
metabolizes sex steroids and glucocorticoids. For exam-
ple, 17 beta-hydroxysteroid oxidoreductase converts an-
drostenedione to testosterone and estrone to estradiol. This
may be important for fat distribution. Estrogens stimulate
fat accumulation in the breast and subcutaneous tissue,
while androgens promote central obesity. Alteration of
these interconversions may predispose individuals to re-
productive disorders and certain cancers (184, 185).

Adipose tissue also produces and secretes certain in-
flammatory cytokines, for example tumor necrosis factor
alpha (TNF-alpha) and interleukin-6 (IL-6). It has been
suggested that both of these cytokines prevent obesity
through inhibition of lipogenesis, increased lipolysis, and
promotion of adipocyte death via apotosis. However,
TNF-alpha has been found to be a mediator of insulin
resistance in obesity (186, 187). C-reactive protein, stim-
ulated by elevated IL-6, has been found to be correlated
with obesity, insulin resistance, elevated THF-alpha, and
endothelial dysfunction (188).

Alteration of coagulation and complement factors
may contribute to the obesity associated cardiovascular
disease. Fibrinogen and plasma activator inhibitor type-1
(PAI-1) are altered in obesity and may be involved in
cardiovascular disease. For example, high levels of PAI-
1 have been detected after 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 cardiovascu-
lar disease (189).

E. Adiponectin

Plasma concentrations of adiponectin, a novel adipose-
specific protein with putative antiathrogenic and anti-in-
flammatory effects, were recently found to be decreased
in Japanese individuals with obesity, type 2 diabetes, and
cardiovascular diseases conditions commonly associated
with insulin resistance and hyperinsulinemia (190). It has
also been shown that the degree of hypoadiponectinemia
is more closely related to the degree of insulin resistance
and hyperinsulinemia than the degree of adiposity and
glucose intolerance.

F. Mutations

In monogenetic or dysmorphic forms of obesity, trans-
mitted by both recessive and dominant modes of inheri-
tance, there are also alterations in energy balance that re-
sult in obesity. Patients with Prader-Willi syndrome are
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characterized by hyperphagia, hypotonia, developmental
delay, hypogonadism, and short stature (191). In these
children, obesity may start during the first year of life and
becomes prominent by the second year, which in the pres-
ence of hyperphagia can result in morbid obesity. It was
previously suggested that a low metabolic rate caused the
obesity in these children (192). However, it has been dem-
onstrated that a lower energy requirement of these chil-
dren is due to less fat-free mass and not to an unusually
low metabolic rate (193).

Translocation or deletion of chromosome 15 has been
reported in about 50% of these patients (194). In contrast,
Lawrence-Moon-Biedl syndrome is another dysmorphic
form of obesity characterized by retinitis pigmentosa, hy-
pogonadism, mental retardation, and polydactyly. It is in-
herited by an autosomal recessive gene (195). It is be-
lieved that excessive weight gain in these children is
caused by disturbance of hypothalamic appetite center(s),
which leads to increased food intake. Pseudohypoparathy-
roidism is also associated with obesity and short stature
and is characterized by short fourth metacarpal, short thick
neck, rounded facies, mental retardation, and hypocal-
cemia (196). It is commonly inherited as a sex-linked
dominant trait and may be accompanied by hypothyroid-
ism and gonadal failure. Other genetic syndromes that in-
clude obesity are Alstrom’s, Carpenters, and Cohen’s. The
mechanisms of excess weight in these patients have not
been elucidated as yet.

VII. ENERGY BALANCE

Obesity is a heterogenous group of disorders that can re-
sult from an energy imbalance over an extended period
of time in which energy intake exceeds expenditure. It is
superficially apparent that obese subjects ingest more food
relative to their needs. However, caloric intakes have been
reported to be comparable among overweight and normal
weight adults (197), suggesting that obese subjects have
‘‘increased metabolic efficiency.’’

It has been shown that low total and resting energy
expenditure are risk factors for long-term weight gain in
infants (198) and adults (199), respectively. However,
Dwyer et al. (200) showed that obese children might not
eat more than their normal-weight peers and they may
expend relatively fewer calories to maintain their body
weight. This phenomenon has been referred as adaptation
and results after frequent dieting efforts have taken place.
This results in lower energy requirements due to loss of
lean body mass (201). Repeated weight reduction attempts
result in alterations in body composition and decreased
fat-free mass. This leads to decreased metabolic demands
and thus fewer calories needed to maintain weight (202).

Reduced meal frequency, or gorging (i.e., one to two
meals daily), has been associated with an increased risk
of obesity (203, 204). This is also associated with high
fasting serum lipid and insulin levels. Insulin stimulates

hepatic synthesis of cholesterol and tissue lipogenesis
(205, 206). Increasing meal frequency, or nibbling has
been shown to significantly lower serum cholesterol and
insulin levels (207). This is thought to have a beneficial
effect in decreasing triglyceride synthesis in adipose tissue
through a reduction in postprandial glucose and insulin
levels. However, this effect may be significantly mini-
mized by a parallel reduction in the postprandial ther-
mogenesis stimulated by insulin and glucose (208).

The main determinant of BMR is fat-free mass (FFM)
and the main determinant of energy expenditure is phys-
ical activity. It is believed that minor alterations in any of
these could result in positive energy balance and lead to
obesity over prolonged periods of time. For example,
obligatory energy expenditure, reflected by a decreased
resting metabolic rate, could be the consequence of an
increased metabolic efficiency in obese persons. On the
other hand, a reduced level of 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. In fact, studies
among obese Pima Indians have demonstrated low BMR
values and, therefore, enhanced metabolic efficiency of
energy consumption among some families with obesity
(209, 210). However, other studies demonstrated that
BMR values, corrected for FFM, among obese subjects
were relatively higher than those in nonobese subjects
(211), suggesting that attainment of energy balance and
weight maintenance in obese individuals requires a larger
energy intake than in nonobese individuals.

VIII. PHYSICAL ACTIVITY

It is not clear whether inactivity is a cause or consequence
of obesity. However, it is believed that a sedentary life-
style increases the risk for obesity. Furthermore, low car-
diorespiratory fitness is an independent predictor of car-
diovascular heart disease in obese adult men. This is
comparable to diabetes mellitus, high blood pressure, and
smoking (212). 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% dur-
ing adolescence, with girls becoming increasingly more
sedentary than boys (213). A recent observation is that
this pattern is due to a gender dimorphism in the devel-
opmental changes in energy expenditure before adoles-
cence, independent of body composition, with a conser-
vation of energy use in girls achieved through an
appreciable reduction in physical activity (214). Social
and environmental influences are also believed to have
major roles in the gender and developmental variation in
physical activity (215).

The role of physical energy expenditure in the de-
velopment of obesity is not very clear. Obese individuals
have often been described as sluggish or lazy. A study of
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children and adolescents by Bullen et al. (216) indicated
that obese youngsters were less active than their peers.
However, an earlier study, which measured caloric expen-
diture by measuring oxygen consumption, found that
obese individuals actually expended more calories through
activity than did normal-weight individuals (217). Maffeis
et al. (218) recently demonstrated that walking and run-
ning are energetically more expensive for obese children
than for nonobese children.

The estimates of energy requirements for children
were derived in a time when more physical exertion was
needed for daily living; therefore, energy requirements for
children may be overestimated for today’s sedentary life-
style. Prentice et al. (219) measured energy expenditure
in children aged 0–3 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) (220). Goran et al. (221) likewise
showed that energy requirements were 25% overestimated
for 4–6-year-old children. Fontvieille et al. (222) found
that energy requirements for 5–6-year-old children were
overestimated by 24% in comparison to that calculated
according to the WHO. The sedentary lifestyles of today’s
children may easily account for consistent overestimates
of childhood energy requirements. 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.

Child obesity experts have suggested that the rela-
tionship between television and obesity may be the con-
sequence of enhanced food consumption during viewing.
This may be due to the influence of food advertisements
(223, 224). Experimental studies have demonstrated that
a causal relationship exists between specific televised
messages and children’s eating behavior (225) and be-
tween television viewing and participation in sports (226).
Earlier studies among children and adolescents found an
association between hours of television viewing and the
development of obesity (227). 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 (228). It is also possible that
the way a child watches television and the content of the
television programs may be more important than the num-
ber of viewing hours. However, it has been recently
shown that television viewing has a fairly profound low-
ering effect on metabolic rate in both lean and obese in-
dividuals. This may be an important factor in susceptible
children who are at risk for weight gain and potentially
lead to obesity (224).

IX. HYPERINSULINISM

Syndrome X is a clinical quartet of hyperinsulinemia, hy-
perlipidemia, hypertension, and subsequent cardiovascular

disease (30). It is believed that obesity is a component of
this metabolic syndrome and has been described in obese
children (31) and adolescents (32). In a more recent study
Chen et al. suggested that syndrome X is characterized by
the linking of a metabolic entity (hyperinsulinemia/insulin
resistance, hyperlipidemia, and obesity) to a hemody-
namic factor (hypertension) through a shared correlation
with hyperinsulinemia/insulin resistance. Clustering fea-
tures of syndrome X are independent of gender and age
in both black and white populations (33).

Hyperinsulinism and insulin resistance are character-
istic features of obesity (229). It has been demonstrated
that insulin secretion increases as the severity of obesity
increases (210), and this increase in insulin secretion is
accompanied by varying degrees of resistance to insulin-
mediated glucose uptake (230). Indeed, the observed ab-
normalities in glucose tolerance in some obese adolescents
are consistent with the presence of hyperinsulinernia and
insulin resistance. Occasionally, young patients with a
strong positive family history of type 2 diabetes develop
the disease. Also, insulin resistance may result in the de-
velopment of acanthosis nigricans, a hyperpigmentation of
skin, which is commonly seen in the back of the neck,
axillae, and other flexural areas (71). Hyperinsulinernia is
usually accompanied by hyperandrogenism, which leads
to hirsutism.

The presence of hyperinsulinemia favors the main-
tenance of the obese state by stimulating lipogenesis via
activation of lipoprotein lipase and by inhibiting lipolysis.
The hyperinsulinernia and insulin resistance are believed
to cause preferential shunting of substrates to adipose tis-
sue, with conversion of periadipocytes to adipocytes; this
is associated with hyperplasia and hypertrophy of fat cells,
inducing an unabated lipogenic state and obesity (231). It
has also been shown that the lipogenic action of insulin
occurs at a lower insulin concentration than its glyco-
regulatory action (232). Additionally, Le Stunff et al.
(233) demonstrated that hyperinsulinernic obese children
oxidized more fat and less glucose than their lean coun-
terparts. This impairment of glucose metabolism may, in
part, by caused by an excessive utilization of fatty sub-
strate (234). This finding supports the concept of de-
creased glucose utilization and its shunting to fatty acid
and triglycerides synthesis.

The hyperinsulinernia of obesity is apparently due to
a combination of increased pancreatic secretion and a re-
duction of in heptatic extraction (235). The extent of the
changes in insulin level is correlated with increasing fat
cell size and degree of obesity and is more prominent in
individuals with central obesity (235, 236). The mecha-
nisms for the enhanced insulin secretion are not well un-
derstood, but one explanation is that it is an adaptive re-
sponse to the diminished insulin-binding sites (237).
However, dysregulation of beta-cell function has been de-
scribed in obese children in the absence of insulin resis-
tance (233). Odeleye et al. (238) found high fasting in-
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sulin levels in lean prepubertal Pima Indian children are
predicative of the development of adolescent obesity
(238).

The observed metabolic alterations in the insulin-re-
sistant state are predominant with regard to glucose me-
tabolism, especially with respect to cellular glucose up-
take and hepatic glucose production, whereas effects on
amino acid metabolism and fat metabolism are less sig-
nificant. These metabolic changes lead to blood glucose
elevation (239) and enhanced fatty acid storage in adipose
tissue. Kida et al. (240) demonstrated diminished insulin
receptor binding in monocytes of obese children that in-
versely correlated with their degree of obesity. Both re-
ceptor and postreceptor binding defects appear to play a
role in insulin resistance of obesity. However, it is not
clear whether hyperinsulinemia-induced downregulation
of insulin receptors and/or decreased receptor-induced hy-
perinsulinernia are the mechanisms for the observed al-
terations. These abnormalities correct towards normal
range with weight loss.

Other investigators have evaluated the rate of body
fat distribution and altered fatty acid metabolism in insulin
resistance and hyperinsulinemia of obesity. For instance,
obese subjects with an abdominal fat distribution have re-
duced hepatic insulin binding (241, 242). A possible cel-
lular mechanism may be the result of high physiological
free fatty acid (FFA) concentrations. It has been suggested
that the inhibitory effect of FFA is energy dependent and
does not change the total cellular number of insulin re-
ceptors or their binding characteristics, indicating that the
receptor internalization or recycling is influenced (243).
Svedberg et al. (244) demonstrated that obesity with high
ambient FFA levels influences internalization/recycling of
hepatic insulin receptors, leading to reduced cell surface
binding (244). An increased supply of FFAs to muscle has
been suggested to restrain glucose transport and disposal
through the inhibitory action of the products of FFA
oxidation (citrate, acetyl-CoA, adenosine 5-triphospate,
etc.). This is due to the FFA oxidation products’ influence
on key enzymes of glucose metabolism (pyruvate dehy-
drogenase, phosphofructokinase, and hexokinase) (234).
The observed substrate competition is suggested to im-
pede insulin action on glucose metabolism through de-
rangement in lipid metabolism (245, 246). In children,
progressive augmentation of fat stores and lipid oxidation
during the first years of obesity could therefore induce a
progressive reduction in glucose oxidation and decreased
insulin action (233). This suggests that the increase in
lipid oxidation precedes the changes in glucose oxidation
and insulin levels associated with long-duration obesity.

Finally, elevated circulating levels of insulin due to
insulin-producing tumor (insulinoma) or to excessive ad-
ministration of insulin to an insulin-dependent diabetic pa-
tient can lead to obesity. These patients develop obesity,
short stature, and hepatomegaly (Mauriac syndrome)
(247).

X. HORMONAL ALTERATIONS

A. Adrenals

Adrenal glucocorticoid production is enhanced in obese
children (248). Obese children tend to maintain normal
serum cortisol levels due to its increased urinary clearance
and in direct proportion to an increase in lean body mass.
Increased clearance of cortisol has a stimulatory effect on
pituitary adrenocorticotrophic hormone (ACTH) release.
Adrenocorticotrophic hormone stimulates increased pro-
duction of adrenal sex steroids such as dehydroepiandro-
sterone and testosterone. Increased production of adrenal
sex steroids leads to early adrenarche (pubarche) in obese
children (248).

The release of cortisol is maintained under a normal
circadian rhythm. Furthermore, it is believed that elevated
plasma cortisol in some obese individuals is related to the
hyperinsulinernia of obesity and contributes to the char-
acteristic body fat distribution and altered body compo-
sition (249). In obese children, serum levels of epi-
nephrine and norepinephrine remain normal. Adrenal
hypercorticolism has long been recognized in the differ-
ential diagnosis of pediatric obesity. Although some pa-
tients have a fat distribution suggestive of Cushing syn-
drome, the use of corticosteroid therapy for a variety of
inflammatory and allergic conditions is also associated
with the development of obesity. In this type of obesity
the problem is transient and resolves once use of the drug
is stopped. Cushing syndrome is a rare cause of obesity
and these patients can be differentiated from those with
exogenous obesity by the cessation of growth that accom-
panies excess cortisol.

B. Growth

Obese children are commonly tall for their age. This is
associated with advanced skeletal maturity and early onset
of puberty as well as premature pubarche (248). The lean
body mass is often increased in these children (250). Re-
duced serum concentrations of growth hormone (GH) are
characteristically seen in obese individuals and have been
attributed to diminished GH secretion as well as acceler-
ated GH clearance (251). The concentrations of insulin-
like growth factor (IGF)-1 tend to vary because, unlike
insulin, it circulates bound to specific proteins such as
IGF-binding proteins (IGFBPs) with variable affinities
(252–254). Six IGFBPs have been structurally identified,
but only IGFBP-1, -2, and -3 have been well characterized
in humans (251). In contrast to the lack of diurnal varia-
tion of IGFBP-2 and IGFBP-3, circulating levels of
IGFBP-1 vary widely throughout the day in an inverse
relationship with changes in plasma insulin (255, 256).
Acute and chronic elevations in plasma insulin lower
IGFBP-1 by suppressing its production by the liver,
which, in turn, increases the bioavailability of free IGF-1
(257, 258). The blunted growth hormone response in
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obese subjects could be secondary to negative feedback
inhibition by IGF-1 (259). However, other investigators
have suggested that IGF-1 levels are maintained or even
enhanced by the hyperinsulinemia of obesity (260). The
metabolic syndrome induced by increased adiposity ap-
pears to have profound effects on the complex interplay
among GH, IGF-1, and IGFBPs during puberty. However,
the effect is an increase in the ratio of free to total IGF-
1 in obese subjects, which may help to explain the lack
of alteration of the pubertal growth spurt in obese adoles-
cents even in the presence of lower GH levels. On the
other hand, GH deficiency or pituitary dwarfism is re-
ported to result in a mild degree of obesity compared to
other causes of weight gain. It is believed that weight gain
in a growth-deficient child is caused by diminished energy
expenditure. Indeed, it has been observed that GH stim-
ulates the growth of muscle tissue and breakdown of fat
tissue, therefore affecting body composition (261).

There is a potential for reduced growth performance
during obesity treatment. This may be due to the inherent
reduction in nutrient intake associated with various obe-
sity treatment programs. For example, a reduction in
height velocity was found in children undergoing an en-
ergy-restrictive 6 month obesity treatment protocol. How-
ever, children undergoing a 12 month, less energy restric-
tive obesity treatment showed no reductions in height
velocity. Furthermore, both groups had similar heights
from baseline until 12 months, suggesting that the chil-
dren undergoing the more restrictive 6 month protocol
showed catch-up growth following treatment (262). The
situation was not similar in regard to increases in fat-free
mass. The more restrictive group had smaller increases in
fat-free mass after 12 months than the 12 month treatment
groups (263). A recent review of 10 year follow-up data
in children found no significant changes in final height in
regard to the amount of energy restriction during obesity
treatment. Furthermore, multiple regression analysis
found that childhood percentage of overweight did not
contribute to predicting height change. However, a reduc-
tion 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 height prior
to, and it decreased to just over the 50th percentile 10
years after, obesity treatment. These studies suggest that
children participating in comprehensive obesity treatment
programs, which include energy restriction, may attain an
appropriate adult height and this will be similar to their
parents (263). Children who diet without appropriate su-
pervision do have growth failure (61).

C. Prolactin

Basal prolactin levels are normal or slightly elevated in
obese children. However, the prolactin response to pro-
vocative stimuli is often diminished (264). Donders et al.
suggested that decreased serotonin in the brain was a po-
tential mechanism for the blunted prolactin response. Oth-

ers have hypothesized that this may be due to a hypotha-
lamic 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.

D. Thyroid

No evidence links thyroid dysfunction to exogenous obe-
sity. Serum levels of thyroxine, free thyroxine, and thy-
roid-stimulating hormone (TSH) are normal in obese in-
dividuals. Hypothyroidism is not a common cause of
obesity. Excessive weight gain, secondary to an underac-
tive thyroid gland, is due to a combination of decreased
metabolic rate and enhanced fluid retention (265). In chil-
dren, hypothyroidism is associated with poor linear
growth. Therefore, a normally growing but overweight
child is not likely to be hypothyroid.

E. Reproductive Hormones

Puberty may begin early in tall overweight children with
advanced skeletal age. Kaplowitz et al. recently demon-
strated that obesity is an important contributing factor to
the earlier onset of puberty in girls (266). Pubertal ele-
vations of follicular-stimulating hormone (FSH) have
been observed in the 7–9-year-old girls, without any
changes in luteinizing hormone (LH) levels (266). This is
usually complicated by an adiposity-related decrease in
circulating concentrations of sex hormone-binding glob-
ulin (SHBG). This results in a higher fraction of free or
unbound serum sex steroids that are more bioactive than
the ones in lean subjects (266). In general, the SHBG
abnormalities correlate with the degree of obesity, which
are reversed with weight loss (266). Low serum estradiol
levels and elevated progesterone levels have been ob-
served in young prepubertal and early pubertal obese girls
compared to age-matched lean girls (266).

The emergence of hyperandrogenism in pubertal girls
may be associated with rapid weight gain, signs of hir-
sutism or virilism, and irregular menstrual periods (47).
This is usually accompanied by hyperinsulinernia and in-
sulin resistance with or without glucose intolerance. There
is strong evidence that insulin exerts a regulatory effect
on ovarian androgen synthesis (48). In fact, a positive
correlation between the degrees of hyperinsulinemia and
hyperandrogenism can be found in obese women (49).

Since insulin is believed to effect its regulatory action
through LH on ovarian function, some obese patients may
also present with polycystic ovaries and abnormally ele-
vated serum LH, low follicle-stimulating hormone (FSH),
and high free testosterone levels.

Obese adolescent boys appear to have an attenuated
testicular response to human chorionic gonadotropin
(HCG). This is probably an artifact of decreased/ro
SHBG. Indeed, Glass et al. (235) demonstrated that de-
spite a decrease in SHBG levels and increased percentage
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free testosterone, the free testosterone levels were normal.
Serum dihydrotestosterone levels remain normal in obese
subjects. Aromatization of androgens to estrogens by ad-
ipose tissue, in males, appears to be enhanced without any
evidence of clinical feminization (235). 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 hypogo-
nadotropic hypogonadism (158). These alterations in pi-
tuitary and gonadal hormones return to normal range with
weight loss (159).

Precocious puberty may lead to obesity. Children
with precocious puberty prior to treatment show no dif-
ferences in regard to lean or fat mass. However, during
treatment with gonadotropin-releasing hormone (GnRH)
over for several years, these children end up with a re-
duction of lean mass and increased fat mass. This may be
due to a shortening of the prepubertal growing period and
by the so-called menopausal effect of the treatment. After
treatment these children end up with a greater amount of
fat mass, which may lead to obesity (267, 268). 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 re-
mained above the 85th percentile, indicating obesity.
These results suggest that children with precocious pu-
berty are prone to obesity. Furthermore, treatment of pre-
cocious puberty with GnRH does not itself contribute to
obesity.

XI. HYPOTHALAMUS

Lesions of the ventromedial area of the hypothalamus
(VMH) may result form inflammatory processes such as
encephalitis, arachnoiditis, tuberculosis, or trauma, or ma-
lignancy (Fröhlich syndrome) (269, 270). Children with
hypothalamic obesity may present with a history of for-
aging 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
(271). Hypothalamic obesity is often coupled with other
hypothalamic–pituitary disturbances, which may exacer-
bate the obesity (e.g., growth hormone deficiency or hy-
pothyroidism), but the obesity resists treatment with hor-
monal replacement (272, 273). It is believed that
hypothalamic injury leads to alterations in the appetite
center, which can cause hyperphagia and obesity (274).
However, there is increasing evidence that the hyperin-
sulinemia seen in this disorder plays a role in the devel-
opment of obesity. An animal model of VMH damage
results in hyperphagia, obesity, hyperinsulinemia, and in-
sulin resistance (275, 276). It is believed that VMH dam-
age causes a disinhibition of vagal tone (277) at the pan-
creatic beta cell, which leads to insulin hypersecretion and
resultant obesity (278). Lustig et al. (279) recently dem-

onstrated that children with hypothalamic obesity have ex-
cessive insulin secretion during a standard oral glucose
tolerance test (279). They also observed that treatment of
these children with octreotide, a long-acting somatostatin
receptor agonist (280), attenuated hyperinsulinemia in
these children and promoted weight loss. These investi-
gators concluded that normalization of insulin secretion
may be an effective therapeutic strategy in children with
this syndrome.

Alterations in dopamine systems and/or abnormalities
of monamines can cause various types of hyperphagia
(281). On the other hand, serotonin is believed to act as
a satiety factor and an inhibitor of feeding reward in the
hypothalamus (282). The role of other humoral signals in
regulation of appetite and body adiposity has been exten-
sively studied (283, 284). For instance, it has been thought
that a number of gut hormones (i.e., cholecystokinin) feed
back to appetite-controlling areas of the CNS in the reg-
ulation of meal size and frequency (284, 285). A study by
Stromayer et al. (285) demonstrated that administration of
a cholecystokinin (CCK) antagonist L364,718 resulted in
increased daily food intake in lean but not obese Zucker
rats. This is consistent with other observations that CCK
decreases appetite, and that satiety deficit in obese rats
contributes to overeating in these animals.

The composition of food has been proposed to affect
brain neurotransmitter metabolism in some individuals.
For instance, individuals referred to as ‘‘carbohydrate
cravers’’ have been described to binge on high-carbohy-
drate foods during the early evening and night (286).
However, most individuals seem to prefer high-fat low-
sugar foods because of their high palatability. Unfortu-
nately, high-fat meals result in less intense satiety than
high-carbohydrate meals of equal caloric value (287).

Finally, mild obesity may occur in adolescent patients
with Klinefelter (288) and Turner syndromes (289)
with primary hypogondism. It is believed that hypogo-
nadism results in excessive deposition of fat due to the
deficiency of 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 but-
tocks to produce the characteristic eunuchoid appearance.

XII. TREATMENT MODALITIES

The main goal of therapy should be to achieve the objec-
tive of lifelong weight control. Therefore, it is important
to know the child’s pattern of growth and weight gain. In
general, any therapeutic approach for childhood obesity
should be designed to induce decreased energy intake and
increase energy expenditure while maintaining normal
growth. Intervention to induce weight loss must consider
all of the factors believed to cause obesity and the treat-
ment modalities that have been effective. Since most of
our present experience in the treatment of obesity centers
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on environmental and behavioral factors, these represent
the primary areas of intervention. Genetic factors also play
a very significant role in obesity and can help to identify
the child at risk. This allows for early intervention in a
child predisposed to obesity and is indicated before obe-
sity reaches extreme proportions. Furthermore, any form
of treatment for obesity should take into account potential
underlying medical conditions (i.e., hypotonia) that may
frustrate or render it ineffective. Therefore, the therapeutic
plan should be individualized to reach its desired goal.

There are some indications that successful treatment
of pediatric obesity is possible. It has been reported by
two studies that one-third of the children initially treated
maintained their reduced weight after 5 and 10 years. Fur-
thermore, preadolescent children showed better responses
to initial treatment and maintenance of long-term weight
loss (290). These studies are encouraging, but more re-
search needs to be conducted to determine compliance
with treatment and maintenance of weight loss into adult-
hood (290).

A number of treatment modalities for childhood obe-
sity exist. However, prior to initiation of any form of ther-
apy, a comprehensive medical evaluation is indicated.
This should comprise information on the rate of growth,
developmental milestones, and family history. The latter
is essential to identify those with parental obesity, hyper-
tension, diabetes mellitus, hyperlipidemia, and thyroid
dysfunction. Furthermore, the assessment should include
nutritional, psychological, and physical fitness evaluations
as well. Obese children are not overnourished in all as-
pects. Indeed, the reverse may be true as excess calorie
intake increases other nutrient requirements that are not
necessarily provided by the diet. For example, obesity is
often associated with mineral and vitamin deficits (343).
It has been reported that a subgroup of obese adolescents
and adults (5–43%) engages in binge eating (291). Those
who do are described as rigid dieters and under tremen-
dous psychological stress. These individuals have a higher
drop out rate from weight reduction programs than those
who do not binge.

XIII. DIETS

A. Dietary Intake

The role of dietary intake in obesity remains controversial,
although new data have shed more light on this problem.
Obese patients often claim that they do not ingest excess
food (292). These patients often seek medical evaluation
for failure to lose weight despite a history of severe ca-
loric restriction. There are no differences in resting energy
expenditure nor in metabolic rates between diet-sensitive
and diet-resistant obese individuals. However, differences
in lean body mass account for the variations in weight
reduction induced by dietary intake restrictions in obese
individuals. They are frequently thought to be hyporme-

tabolic and are often treated with thyroid or other hor-
mones to facilitate weight loss. This is neither safe nor
necessary; moreover, the observed minus the total pre-
dicted energy expenditure vary in relation of weight pro-
gression (293). Patients who gain weight increase their
metabolic rate whereas those who are on diets and are
losing weight may reduce their energy expenditure by
10–20%. Thus the results of dietary efforts can only be
successful if the reduced intakes are accompanied by in-
creased energy expenditures to overcome the metabolic
adaptations that occur with dieting.

Obese individuals may reduce nutrient intake without
weight loss. The possible explanations for this failure in-
clude an energy intake significantly higher than reported
and a low total energy expenditure. A number of studies
have demonstrated that obese individuals tend to under-
report food intake compared to normal-weight subjects
(294–296). 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 (296).
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-den-
sity foods. Laboratory adult rats fed a ‘‘supermarket diet’’
consisting of high-carbohydrate/high-fat foods (i.e., choc-
olate chip cookies, marshmallows, peanut butter etc.),
gained 2.5 times more weight than normal controls (297).
In some animals, the weight gain was not reversed after
the rat was switched back to chow. It is believed that
supermarket diets increase the number and size of fat
cells.

Dietary composition and different rates of nutrient
utilization of ingested diets can influence body weight
maintenance. Using indirect calorimetric technique in
nonobese males, Flatt et al. (298) demonstrated that under
sedentary conditions, ingested carbohydrates are quickly
metabolized while the rate of fat oxidation remains un-
changed. Moreover, it has been suggested that the body
tightly regulates carbohydrate balance for up to 36 h after
ingestion and is not affected by alteration in the body’s
fat balance (299). On the other hand, fat balance is be-
lieved 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 excessive
fat consumption over a long period of time will result in
a positive fat balance and weight gain (300, 301). There-
fore, a number of medical organizations including the
American Heart Association (302) and the American Di-
abetes Association (303) currently recommend consump-
tion of low-fat diets in the prevention and treatment of
obesity. However, the relationship between the dietary fat
and obesity has recently been questioned (304–306) since
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both cross-sectional and longitudinal analyses have failed
to show a consistent association between dietary fat and
body fat (307, 308). Furthermore, recent studies indicate
that weight loss on low-fat diets is usually modest and
transient (304, 309). 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 (306,
307, 310, 311).

Glycemic index (GI) is another dietary factor that
may influence body weight. Glycemic index is a property
of carbohydrate-containing food that describes the rise of
blood glucose after a meal (312). 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 structure, fiber, protein, and fat)
(313–316). The average American diet contains starchy
foods that are primarily refined grain products, cereals,
and potatoes and have a high GI. In contrast, vegetables,
legumes, and fruits have generally a low GI (317). 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 (318–320). In fact, a rise in total car-
bohydrate consumption and GI of American diets, over
the past 2 decades, has been reported (307, 318, 320).
Since fat slows gastric emptying (315), carbohydrate ab-
sorption from low-fat meals may be accelerated.

High-carbohydrate diets have been demonstrated to
increase basal plasma insulin levels in animals and hu-
mans (321, 322). It has also been shown that marked obe-
sity is associated with elevated basal plasma insulin se-
cretory response to glucose and protein (323, 324). The
hyperinsulinemia of obesity has been regarded as a com-
pensatory adaptation to the peripheral insulin resistance
characteristics of the obese state (325). 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 that after a medium-GI meal, and 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 glu-
cose, and serum fatty acids levels, along with an elevation
in plasma epinephrine (326). It is, therefore, likely that
the slower absorption of glucose after ingestion of high-
GI meals induces a sequence of hormonal and metabolic
changes that promote excessive food intake in obese ad-
olescents. Recently, 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 (327). Long-term effects and safety of this diet needs
to be evaluated in children.

The traffic-light diet is another approach that may be
suitable for preschool and preadolescent children. This
consists of a 900–1300 kcal/day diet of ‘‘tagged’’ foods
designed to meet the age recommendations 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 average
nutritional values within their group, and red foods (stop)
provide less nutrient density per calorie because of high
fat or simple carbohydrate content (328, 329). Combined
with a comprehensive treatment protocol, this diet has
been found to reduce obesity and change eating habits in
preadolescent children (329–332). Furthermore, weight
loss up to 10 years has been maintained when the traffic
light diet was combined with behavioral, exercise, and
familial components of a comprehensive treatment pro-
gram (333, 334).

B. Very-Low-Calorie Diets

The national task force on the prevention and treatment
of obesity published a report on the efficacy of very-low-
calorie diets on weight reduction (335). Although rapid
weight loss could be achieved, the long-term evolution of
obese patients on these diets was disappointing. Slowly
but surely they regained their weight and by 1–5 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 en-
compass just the use of very-low-calorie diets. Low-car-
bohydrate diets are usually high in protein and fat. They
involve intake of large amounts of meat and restrict car-
bohydrate-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 prob-
lems such as gallstones and high cholesterol. The body
depends heavily on its fat stores for energy while on a
low-carbohydrate diet. This can lead to ketosis. The rapid
weight loss on these diets is composed of 60–70% water
and the dieters often regain weight rapidly once normal
eating is resumed (336, 337). 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 5 lb (2.3 kg per week), while preserving vital lean
body mass. The protein is provided as lean meat or fish,
or in a milk or egg-based liquid formula. It has been sug-
gested that these diets spare body protein by decreasing
insulin levels and enhancing fat breakdown (338), while
inhibiting the release of amino acids from muscle (339).
However, in the past several deaths have been associated
with the use of these formulas (298). Moreover, these
quick-fix weight-loss schemes may be unsafe for use in
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Table 1 Typical Intake of an Adolescent Evaluated
for Obesity

Energy (kcal)

Breakfast
Two sausages and 2 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 stripes) 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

children and do not promote healthy eating behavior for
long-lasting weight control.

Nutritionally balanced very-low-calorie diets, com-
bined with exercise, may improve the outcomes in struc-
tured obesity treatment programs for children (340, 341).
In one study obese adolescents entered a structured 10
week program that included exercise and behavior mod-
ification, along with a very-low-calorie diet. 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 (342). In another study by the same
investigators, 87 obese children from 7 to 17 years old
participated in a year-long program similar to that de-
scribed above. The results were the same and weight and
body fat loss were maintained for 1 year. These results
suggest that a multidisciplinary structured program to
treating obese children that is maintained for long periods
of time may yield positive results. However, it is impor-
tant to reiterate that energy intake, not energy consump-
tion or distribution of calories, determines weight loss
(343). 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.

C. Food Management

Many special diets and dietary regimens have been used
in the management of obesity. Diets are most likely to
succeed if they are individualized according to current eat-
ing patterns, degree of motivation, intellect, amount of
family support, and financial considerations. 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 effec-
tive and safest treatment for obesity. The reduction in ca-
loric intake should be based on the weight history of the
child in conjunction with usual calorie intake, body size,
rate of growth, degree of adiposity, desired weight, and
estimated daily activity level. As a general rule moderately
obese children should be placed on an energy intake and
exercise level that will slow weight gain in accordance
with age and growth. In specific instances, to allow for
parental or patient desires, it may be appropriate to design
a nutrient intake to induce a slight weight loss. To accom-
plish this goal, it can be assumed that 1 lb of fat represents
3500 kcal.

Initially a 10% calorie reduction in the usual nutrient
intake is recommended. The food choices must be indi-
vidualized to the taste and preferences of the family and
the patient with the aim of meeting all the dietary goals
and guidelines. This should be achieved gradually to en-
sure compliance while appropriate eating patterns are es-
tablished. It is important to correct all potential nutritional
deficits at the beginning of the treatment and to monitor
any alteration that may develop throughout the follow-up
period. Obese children are not overnourished in all as-
pects, just in energy. They often ingest inappropriate in-

takes, which may lead to essential nutritional deficits
(343) or other alterations (i.e., hypertriglyceridemia).

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
28 was examined because of obesity. The initial nutri-
tional evaluation documented that he was ingesting the
diet shown in Table 1. This diet is not unusual for an
adolescent boy and is typical of this age group (344).
Analysis of the diet reveals that he was ingesting 3200
kcal (44.5 kcal/kg/day), which is 128% of that recom-
mended for his age. He was also ingesting 44% of the
total calories from fat; 14.6% of the total calories from
saturated fat and 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.

Although his intake was very inappropriate, treatment
was started with a slight modification to improve compli-
ance. By eliminating one doughnut and switching from
regular soda to diet soda, his energy intake was reduced
to the level necessary to avoid weight gain and maintain
his current weight (38.5 kcal/kg/day). By simply elimi-
nating those two items from the diet, there was a drop in
calorie intake of 433 kcal/day. Of course, other inappro-
priate dietary habits were not corrected, although choles-
terol intake dropped by 19 mg/day. Once the patient ad-
justs to these simple changes, further work will be
necessary to improve upon the excess fat intake and re-
duce the amount of saturated fat from the diet. Patients
who do not comply with simple measures might not nec-
essarily learn to improve their nutritional habits for life.
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Another example is a 50 kg 5-year-old patient with a
BMI of 37. The patient and the family were highly mo-
tivated to cease excess body weight gain and to improve
upon the biochemical abnormalities detected in the work
up (i.e., hyperinsulinemia). It has recently been demon-
strated that hyperinsulinemia in obesity is more resistant
to weight loss than normoinsulinernic obesity in children
(41). Her caloric intake was reported to be 1400–1500
kcal/day. This level of caloric uptake was not excessive
for maintenance of body weight (30 kcal/kg/day). How-
ever, it contained a high proportion of dietary fats. A re-
alistic 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 ra-
tio. This was a long-term plan that would require a suc-
cessful attempt at 3 years of body maintenance.

Food management was initiated without reducing the
total calories, since her total daily caloric intake did not
appear to be excessive for weight. Instead, her food
choices were modified to reduce the fat intake. She was
placed on a 1500 kcal meal plan with decreased fat con-
tent (30%) while increasing complex carbohydrates. 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 well recognized that
frequent meals are more effective for weight control than
one large meal (345). Therefore, diets that consist of one
or two large meals per day were discouraged.

Day-to-day variations in caloric consumption are
characteristic of normal eating patterns and thus they
should be allowed as long as they are within an acceptable
range. For example, it would be appropriate for Julie, 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, peri-
odic assessment of nutrient composition of the diet is es-
sential. This is particularly important for such micronutri-
ents as calcium, iron, magnesium, copper, zinc, folacin,
and vitamins, since these are very likely to be deficient
on a restricted dietary intake (345).

XIV. EXERCISE

Dietary management of childhood obesity should always
be combined with an exercise program. However, exercise
should be prescribed on an individual basis. An exercise
program based upon the initial fitness level (346) with a
slow progression of the intensity, frequency, and duration
is required to achieve the goal of weight control. For in-
stance, morbidly obese children may achieve maximal en-
ergy expenditure during a brisk walk, since 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 1 year in obese preadolescents after

completing a 10-week program that included resistance
training combined with a low-calorie diet, behavior mod-
ification, aerobic and flexibility exercises. Furthermore,
compliance with the exercise regimen was 100% (347).
Physical activity has a significant influence on energy ex-
penditure and the energy cost for most activities is gen-
erally 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 19–30% decrease
in resting metabolic rate within 24–48 h following caloric
restriction (336). Thus caloric restriction without an in-
crease in physical activity may not result in continued
weight loss. Regular aeroboic exercise combined with en-
ergy restriction will result in greater reductions in body
weight than dieting alone (301).

Intermittent exercise and use of home exercise equip-
ment are effective in inducing and maintaining weight loss
(348). Individuals who used the equipment longer were
those who lost more weight and sustained their weight
loss for longer periods 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 (212). Fitness is an independent pre-
dictor of health, comparable to diabetes mellitus, choles-
terol levels, hypertension, and smoking.

However, by simply engaging in leisure-time physical
activity major benefits may be attained. This is often not
achieved, since most persons trying to lose weight are not
using a recommended combination of reducing calorie in-
take and engaging in leisure-time physical activity (150
minutes per week) (349). In the patients mentioned above
on dietary treatment, if they added to their treatment reg-
imen a habit of walking 20 min/day they would enhance
their energy expenditure by 5.8 kcal/min. In other words,
they would spend 116 kcal/day above the dietary restric-
tion, therefore increasing weight loss and enhancing their
health. The amount of energy necessary for various phys-
ical activities is shown in Table 2.

XV. FAMILY INVOLVEMENT

Supportive counseling and reinforcement can help set the
goals for health professionals, patient, and parent, allow-
ing 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 moti-
vation, or other psychological stresses. For instance, it has
been demonstrated that children of married parents lose
weight at higher rates than those of divorced parents
(328). When a weight-reduction plan has been recom-
mended, conflicts frequently arise between the patient and
nondieting family members regarding the degree of die-
tary restriction and who is permitted to eat different foods.
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Table 2 Energy Expenditure in Occupational,
Recreational, and Sports Activities (kcal/min)
for a 50 kg Individual

Activity
Calories expended

(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
Breast stroke 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

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

Dietary restriction should never be introduced in a puni-
tive fashion. In some cases, the obese child and the entire
family may adhere to a diet similar in composition if not
quantity. Participation of the entire family should help
minimize the feelings of isolation of the obese child. It
has been shown that family involvement 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 (333). Eating
patterns, food choices, and other behavioral factors of im-
portance in obesity are family characteristics.

Dietary management and physical exercise are essen-
tial components for the development of effective treat-
ment. The area of greatest concern for psychologists is

how to get children to alter food intake and activity be-
haviors. Because the primary focus is on changing the
child’s behavior, parenting skills represent an integral
component of the intervention. Stimulus-control proce-
dures in the behavioral control of overeating have led to
the development of several behavioral techniques for the
treatment of obesity which 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 (328–334). These in-
terventions are based on the assumptions that the obese
child is an overeater who is hypersensitive to food stimuli
and can be trained to behave like a nonobese person and
subsequently lose weight. Moreover, positive family sup-
port has been shown to improve the degree of immediate
and long-term weight loss in children and adolescents
(330–332).

Any program designed specifically for treating obese
children must include a group format with individualized
counseling, parent participation, frequent sessions over a
long period of time, appropriate exercise, and changes in
the home environment to reinforce changes in the child’s
lifestyle. The behavior modification sessions should in-
clude self-monitoring, goal setting and contracting, par-
enting skills training, skills for managing the high-risk
situation, and skills for maintenance and relapse preven-
tion (340).

XVI. OTHER THERAPIES

A. Drugs

Long-term use of medications to suppress appetite or an-
tiobesity pills are not usually indicated in the treatment of
pediatric obesity. Studies involving the use of anorectic
drugs alone or in combination with behavior therapy have
demonstrated that weight loss is no greater than when be-
havior therapy was used alone. When the drugs were
stopped, the weight was regained more rapidly (338). 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 am-
phetamines and the risk of depression associated with fen-
fluramine have resulted in the minimal use of these agents
in children and adolescents. The use of serotonin agonists
such as fluoxetine and fenfluramine in the short term has
proven useful as an adjunct in weight-loss programs for
children and adolescents (342, 350). 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 (351). In fact, serious side
effects such as pulmonary hypertension and valvular heart
lesions have been associated with the use of fenfluramine
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and its derivative, dexfenfluramine, in combination with
another appetite suppressant (i.e., phentermine) (352). Re-
cently, a new selective serotonin reuptake inhibitor,
sibutramine (Meridia), has been shown to be effective in
weight reduction trials in obese adults without significant
adverse effects. However, the safety and efficacy of this
agent have yet to be evaluated in obese children and ad-
olescents.

Another potential antiobesity medication is metfor-
min, an antihyperglycemic drug, that has been reported
to enhance insulin sensitivity leading to reduced appetite
and body weight in obese children and adults (353). Fre-
mark et al. recently demonstrated that a 6 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
(353). In a 2 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 (354).
The use of diazoxide, an inhibitor of glucose-mediated
insulin secretion, in a group of hyperinsulinemic obese
adults was recently shown to be effective in short-term
weight reduction with few adverse effects (355). Daily
subcutaneous administration of octreotide (somatostatin
analogue), an inhibitor of pancreatic insulin secretion, to
a group of children and adolescents with hypothalamic
obesity secondary to cancer therapy likewise resulted in
significant reduction in body weight over a 6 month pe-
riod (279). The results of these studies imply that atten-
uation of hyperinsulinemia of obesity may be of thera-
peutic benefit in the management of this disorder.
However, long-term efficacy and safety of these agents
have yet to be evaluated in children.

B. Fat and Sugar Substitutes

Bulking agents and nonprescription diet aids, such as
methylcellulose and other noncaloric bulk materials, have
also 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 supposedly
give a feeling of satiety. Indeed, several lines of evidence
suggest that dietary fiber may play a key role in the reg-
ulation of circulating insulin levels. Dietary fiber reduces
insulin secretion by slowing the rate of nutrient absorption
following a meal (312, 313). In the experimental setting,
insulin sensitivity increases (314) and body weight de-
creases (315) in animals fed high-fiber diets. In addition,
a recent study revealed that fiber consumption predicted
insulin levels, weight gain, and other cardiovascular heart
disease (CVD) risk factors more strongly than total or
saturated fat consumption. Therefore, high-fiber diets
(10–15 g/day) may protect against obesity and CVD by
lowering insulin levels (316).

The use of inhibitors of digestive enzymes, such as
intestinal lipase and disaccharidase, in obese and diabetic

adult patients has been shown to be beneficial for weight
reduction and improved glycemic control (356, 357). For
instance, a gastrointestinal lipase inhibitor (Orlistat) has
been reported to be of potential benefit by reducing fat
absorption from the intestinal tract in obese adults under-
going significant weight reduction (356). However, un-
desirable side effects such as diarrhea and flatulence were
frequently observed in these patients. This was accom-
panied by reduction in the levels of fat-soluble vitamins
A, D, and E, which can be prevented by multivitamin
supplementation. The safety and efficacy of the latter have
yet to be evaluated in pediatric patients.

There are many misconceptions about the benefit of
foods containing nonnutritive sweeteners. Currently, three
nonnutritive sweeteners are approved for use in the United
States: saccharin, aspartame, and acesulfame K. 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 either contain the same
amount of or more calories than their regular sweetened
counterparts. For example, dietetic chocolate contains 168
calories per 2 oz serving. Regular sweetened chocolate
only contains 150 calories for a similar-sized serving
(358). Therefore, without proper advice from a dietician,
many obese individuals may be overconsuming calories
by including dietetic foods in their diets. These foods also
tend to be more expensive.

C. Surgery

There are very few applications of surgical procedures in
the management of pediatric obesity. Four types of sur-
gical procedures have been used to change eating behav-
ior: jejunoileal and gastric bypass, gastric plication, and
jaw wiring. The jejunoileal bypass procedures are usually
followed by a large weight loss. However, significant
complications including diarrhea, vitamin D deficiency
with osteomalacia, vitamin B12 and folate deficiencies, re-
nal (oxalate) calculi, hyperuricemia, and liver disease fol-
low these procedures (359). A second procedure is the
gastric bypass, which appears to be effective in producing
weight loss without serious late complications seen with
the jejunoileal procedure (360). Gastric plication (gastro-
plasty), involving a stapling procedure, is also widely
used. Following the gastric bypass or gastroplasty proce-
dure, patients food intake is decreased by the sensation of
fullness. They also show less anxiety, depression, irrita-
bility, and preoccupation with food during weight loss
compared with their weight-reduction attempts before the
surgical procedure (361). In controlled studies gastric by-
pass appears slightly more effective than gastroplasty. Al-
though successful initially in almost all patients, the fail-
ure rate for both procedures is high (up to 50%) (362).
These procedures should be considered carefully in a se-
lect group of adolescents with significant medical com-



Obesity in Children 847

plications who have been frequently unsuccessful in los-
ing weight with other conventional therapies.

D. New Therapies

The administration of exogenous leptin has been shown
to result in loss of body fat in animals with elevated leptin
levels (364), as well as in humans with leptin deficiency,
by reducing food intake (365). Recently, Heymsfield et al.
demonstrated that a 6 month administration of subcuta-
neous recombinant leptin in high dosages induced weight
loss in some obese adults with elevated endogenous leptin
concentrations who were maintained on a eucaloric diet
(365). However, they suggested that additional research
into the potential role for leptin and related hormones in
the treatment of human obesity was needed; the medica-
tion is not the magic bullet for most obese patients.

E. Kids Weight Down Program

A program specifically designed for treating childhood
obesity must be the best approach to dealing with obesity
in children. A Kids Weight Down Program may include
staff consisting of a registered dietician, child psycholo-
gist, physician, and exercise physiologist. The program
should require that parents participate in their child’s treat-
ment. Treatment is begun after a preliminary physical
exam and laboratory testing that includes a lipid profile.
Treatment may consist of one or two sessions per week,
for 10 weeks, for both children and parents. All medical
assessments are repeated at the end of the treatment period
to determine compliance and progress.

The treatment regimen consists of a moderate weight-
reducing diet along with an exercise program. The rec-
ommended energy intake consists of a 10% reduction diet
as the main dietary prescription, as described above. This
dietary prescription should not depend on any fad diets or
eliminate any ethnic or cultural foods normally consumed
by the families. As part of the weekly sessions, the chil-
dren must exercise twice a week under the supervision of
an exercise physiologist. The child’s sessions must also
include lessons and games to teach the importance of an
appropriate nutritionally balanced diet for weight loss.
The goal should be to make the sessions enjoyable for
children as well as convey knowledge about the impor-
tance of losing excess body weight. The parents’ sessions
consist of education about the importance of family par-
ticipation in the child’s treatment. Each week parents may
discuss problems/solutions associated with the progress of
the child’s treatment. This should include some of the
problems encountered in changing the family dynamics in
order to foster a positive influence on the child’s treat-
ment. Having parents’ sessions, separate from the chil-
dren, enabled them to support one another and allow open
discussion about the problems of treating an obese child.
The program is usually successful for a short duration.

However, the importance of long-term follow-up and
management can never be stressed enough.

The unique program suggested above is costly be-
cause of the high demand for specialized personnel. In-
surance companies usually do not provide any reimburse-
ment for participation in such a program.

XVII. YO-YO WEIGHT CYCLING

Weight cycling has a profound effect on body composition
and its metabolic efficiency (366). Weight loss followed
by regain results in loss from muscle, regained as fat;
increased risk of heart disease; and frustration (201, 202).
Chronic dieters learn to cope with dieting. They develop
a very efficient metabolism and maintain their weight with
fewer and fewer calories with each attempt to lose weight.
There is loss of muscle mass as a result of body compo-
sition changes during weight cycling. The increased fat
mass leads to elevation of basal insulin and lipoprotein
lipase levels (367), resulting in more fat deposition. In
addition to changes in the body composition, the patient
becomes psychologically frustrated as he or she fails 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 be increasing 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, fat deposition in the arteries. The re-
gained weight is more likely to be distributed in the upper
body where it is potentially more harmful (96) and asso-
ciated with a higher incidence of heart disease and glucose
intolerance (104). Appropriate strategies to avoid weight
cycling should be considered at the beginning of a child’s
weight-reduction program. When a child is ready to par-
ticipate in a weight reduction program, it should represent
a serious commitment of all involved.

XVIII. PREVENTION

The successful treatment of childhood and adolescent obe-
sity is an effective approach to the prevention of severe
adult disease. Long-term follow-up of children treated
with diet, exercise, and behavior modification has shown
significantly lower weights 5–10 years later than for chil-
dren treated in other ways (332, 333, 368). However, not
all obese children who were treated successfully initially
were able to maintain their reduced relative body weight.
Nevertheless, none of these studies has had similar design
and/or control populations, making a critical comparison
very difficult. In addition, the increasing prevalence of
childhood and adolescent obesity suggests that even the
most successful treatment may be of limited benefit if it
relies on the traditional doctor/patient interaction model.
Furthermore, the metabolic phenotype (i.e., hyperinsu-
linemia) and family history of type 2 diabetes (369), hy-
pertension and/or hyperlipidemia, may play a major role
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in a patient’s response to conventional weight manage-
ment strategies. Therefore, development of effective meth-
ods for weight reduction should be continued and multi-
disciplinary research to identify factors that prevent
relapses should be encouraged.

Children should be encouraged to develop healthy
eating habits and exercise patterns that prevent excessive
weight gain. This is especially important for children in
high-risk groups, for instance, with obese parents and
those who are overweight by the time they enter school
(370). 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 devel-
opment of healthy eating practices in children and ado-
lescents. These foods should include an assortment of
fresh or frozen vegetables and legumes; dairy products;
fresh fruits; breads (preferably whole grain); and pastas,
rice, cereals, and other grain products. Sweets and other
nutrient-poor foods should be allowed in limited amounts
that do not interfere with the child’s consumption of basic
foods. With relatively free access to these highly palatable
choices (i.e., caloric-dense snacks), the chances of over-
eating are increased and may encourage the development
of obesity in predisposed children. However, these
changes have not been very successful in preventing the
increase in obesity in children. Other lifestyle changes
may be important in resolving this problem. A more ap-
propriate approach should include reduction of sedentary
activities such as television viewing and video game use.
In a comprehensive study, 198 third and fourth grade stu-
dents were organized into two groups. One group served
as the control while the intervention group participated in
a 6 month course geared toward reduction in television
viewing, video tape, and game use. After completion of
the course, the BMI of the intervention group was reduced
from 18.8 to 18.1 kg/m2. Furthermore, triceps skinfold
thickness, waist circumference, and waist-to-hip ratio
showed similar positive changes. Moreover, children in
the intervention group self-reported fewer hours watching
television while consuming meals in front of the tele-
vision. However, no changes were found between the two
groups in regard to high-fat food intake, physical activity,
and cardiorespiratory fitness. These results suggest that
just reducing television viewing and video game use con-
tribute to positive changes in obesity indices in children
(371).

Primary public health measures are critical to for-
mulate a sound approach to the prevention of obesity in
children. It is the responsibility of schools and govern-
ment agencies, as well as food industries, to support mea-
sures that can improve the food habits and exercise pat-
terns of children and adults. The schools should play an
active role in providing healthy food choices in the caf-
eteria and provide appropriate exercise programs for nor-
mal-weight and obese children separate from competitive

athletics. Government and local authorities can insist that
schools implement and promote physical fitness programs
and provide easy access to exercise facilities in the com-
munity. The media should assume a responsible position
with regard to idealized concepts of beauty by appropriate
programming and feeding of messages to children and to
society at large.

XIX. FINAL CONSIDERATIONS

Obesity and significant comorbidities are reaching epi-
demic proportions among children. A variety of genetic,
environmental, and other factors account for the devel-
opment of obesity. Understanding leptin’s role in regulat-
ing food intake and energy expenditure is an important
discovery. It has been identified as a component of the
pathophysiological alterations in this entity, including hy-
perinsulinemia 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 recogni-
tion of excessive weight gain in relation to linear growth
is important and should be closely monitored by pediatri-
cians and health care providers. The use of BMI percen-
tiles may also help to identify children at risk and quantify
the severity of obesity. Prevention is critical, since effec-
tive treatment of this disease is limited. Food management
and increased physical activity must be encouraged, pro-
moted, and prioritized to protect children. Dietary prac-
tices 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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I. INTRODUCTION

A body of evidence now shows that elevated levels of
plasma cholesterol, especially low-density lipoprotein
(LDL) cholesterol, are associated with an increased prob-
ability of premature cardiovascular disease in the adult.
This is particularly true for subjects with the most com-
mon familial hypercholesterolemia (a dominant disorder
of the lipoprotein metabolism) who usually have a man-
ifest atherosclerosis in the fourth to fifth decade. There is
also no doubt that atherosclerosis starts in childhood and
therefore preventive measures should be initiated as early
as possible to prevent progression of the disease.

Hyperlipoproteinemias are biochemical abnormalities
in which one or more lipids/lipoproteins is either elevated
or has an abnormal composition. It should be the goal of
any pediatrician or general physician to detect these ab-
normalities during childhood in order to start as early as
possible with preventive therapeutic measures.

It is not well established that early reduction of ath-
erogenic lipoproteins is associated with delayed develop-
ment of atherosclerosis; however, many facts from adult
studies support this theory very strongly. Nevertheless, the
power of knowledge from intervention studies in adult
population would not allow for randomized studies in the
pediatric age group because of ethical concerns.

In this chapter the main focus will be on the clinical
aspects of diagnostic and therapeutic procedures for lipo-
protein disorders in children.

II. LIPOPROTEIN BACKGROUND
AND BASICS

There is a strong relationship between the intake of fats,
in particular saturated fats, and the development of pre-
mature cardiovascular diseases. One of the main mecha-
nisms involved in that process is most probably the con-
centration and composition of plasma lipoproteins. These

particles are responsible for the transport of lipids after
absorption from the gut to the liver and to the organs
(Fig. 1).

Figure 1 shows clearly that cholesterol and triglyc-
erides are ingested into the gastrointestinal tract and are
converted to chylomicrons. These triglyceride-rich parti-
cles are taken up by the liver by means of a specific apo
E receptor and are secreted as very-low-density lipopro-
teins (VLDL) into the circulation. These particles are con-
verted to the short-lived intermediate-density lipoproteins
(IDL), which are formed into low-density lipoproteins
(LDL), which are smaller, denser, and contain more cho-
lesterol. These most atherogenic vehicles are taken up by
the liver by means of LDL receptors and, to a smaller
extent, by a nonreceptor pathway by the so-called scav-
enger cells.

The smallest lipoproteins, high-density lipoproteins
(HDL), are partly responsible for the transport of LDL
back to the liver.

The classification and composition of the various
lipoproteins are shown in Table 1.

In regard to the atherogeneity of the various plasma
lipoproteins, there is enough evidence, both on a patho-
physiological and on a epidemiological level, that the
most pathogenic particles are LDL, and, to a lesser extent,
VLDL. In contrast, HDL particles have a protective func-
tion against atherogenesis: subjects with high HDL levels
are rarely affected with cardiovascular diseases. However,
subjects with low levels are considered to be at higher
risk, even if they have normal cholesterol concentrations.

If total and LDL cholesterol levels are elevated, fatty
streaks and fibrous plaques develop in nonhuman pri-
mates, mainly due to diets high in saturated fatty acids
and cholesterol. In adults, but also in adolescents, the
amount of saturated fat in the diet influences the concen-
tration of serum cholesterol strongly. However, it seems
very likely that genetic factors also are involved in the
regulation of cholesterol metabolism, because there are
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Figure 1 Schematic pathway of lipids and lipoprotein.

considerable differences in the effect of diet on the levels
of plasma lipoproteins.

Intervention studies in adults have clearly shown that
lowering blood cholesterol levels is associated with a re-
duction of coronary heart disease. This association has not
yet been found in children; most probably it will be very
difficult to carry out a study to establish a direct scientific
evidence for this relation.

Thus, several indirect data are available to support the
hypothesis, which means that lowering of elevated plasma
lipoproteins, mainly LDL cholesterol, is indicated even in
the pediatric age group.

First, there is clear evidence that early coronary ath-
erosclerosis often begins in childhood and adolescence
and is directly related to high serum total cholesterol, LDL
cholesterol, VDL cholesterol, and low HDL levels.

Second, children and adolescents from families with
a higher incidence of premature coronary heart diseases
often have elevated total cholesterol and LDL cholesterol
levels.

Third, there is a strong familial aggregation of total,
LDL, and HDL cholesterol levels in children and their
parents.

Finally, among the genetically based disorders of
lipoprotein metabolism, the most common are familial hy-
percholesterolemia and familial combined hyperlipidemia.
In affected families premature cardiovascular diseases are
much more frequently diagnosed than in families with de-
sirable cholesterol concentrations.

Lipoprotein disorders are therefore, from a preventive
point of view, very important and can be diagnosed in

children. This should encourage the enforcement of ther-
apeutic and preventive strategies for the whole family.

III. DEFINITION OF
HYPERLIPOPROTEINEMIA/
DYSLIPOPROTEINEMIA

The concentration mainly of total cholesterol and triglyc-
erides in plasma or within the various lipoprotein particles
is the basis of laboratory diagnosis of hyperlipidemia or
hyperlipoproteinemia. Usually levels exceeding the 95th
percentile or below the 5th percentile are considered ab-
normal. In most studies the Lipid Research Clinics Pro-
gram (LRCP)-levels were used as reference guidelines for
children and adults (Table 2).

According to the Expert Panel on Blood Cholesterol
Level in Children and Adolescents of the National Cho-
lesterol Education Program and the American Academy of
Pediatrics, children with a parental history of elevated to-
tal cholesterol levels (>240 mg/dl) should be tested for
their cholesterol levels. Children with other risk factors or
with incomplete family history should be screened by the
pediatrician.

Children with total cholesterol levels less than 170
mg/dl have optimal levels and do not require intervention.
Children with cholesterol levels between 170 and 200
mg/dl should undergo another cholesterol measurement
and the two values should be averaged. If this level is
greater than 170 mg/dl, a lipid profile is recommended.
On the other hand, this expert panel has recommended
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Table 1 Lipoprotein Classification

Chylomicrons
Density (g/ml) 0, 95
Diameter (nm) 75–1200
Origin Intestine
Chol 5
TG 90
Phospholipids and proteins 5
Very-low-density lipoprotein
Density (g/ml) 0, 95–1006
Diameter (nm) 30–80
Origin Liver
Chol 13
TG 65
Phospholipids and proteins 22
Intermediate-density lipoprotein
Density (g/ml) 1006–1019
Diameter (nm) 25–35
Origin Liver, VLDL
Chol 35
TG 40
Phospholipids and proteins 25
Low-density lipoprotein
Density (g/ml) 1019–1063
Diameter (nm) 18–25
Origin Liver, VLDL, IDL
Chol 43
TG 10
Phospholipids and proteins 47
High-density lipoprotein
Density (g/ml) 1063–121
Diameter (nm) 5–12
Origin Liver, intestine, other
Chol 18
TG 2
Phospholipids and proteins 80

that all children with a family history of premature cor-
onary heart disease (before the age of 55 years in a parent
or grandparent) should undergo a complete lipoprotein
profile.

Thus, the discriminating parameter is the LDL cho-
lesterol concentration: if this is >130 mg/dl, it is consid-
ered to be elevated. Levels <110 mg/dl are considered to
be acceptable. Levels between 110 and 130 mg/dl are de-
scribed as borderline.

IV. FAMILIAL HYPERCHOLESTEROLEMIA

This disorder was described as early as 1938 by the Nor-
wegian physican Carl Müller as an inborn error of metab-
olism, which is characterized by increased blood choles-
terol levels and by premature myocardial infarction.

From the genetic and pathophysiological point of
view, two major forms can be identified; the heterozygous
and the severe homozygous type.

A. Heterozygous

Heterozygous patients are carriers of one mutant of the
LDL receptor gene and are found in the general popula-
tion with a frequency of about 1 in 500. Therefore this
disorder is among the most frequent known inborn errors
of metabolism. Affected subjects often have approxi-
mately doubled LDL cholesterol levels even after birth
and experience their first heart attack between the 30th
and the 40th year of life. For the clinical diagnosis it is
essential to know about related problems (cardiovascular
diseases, sudden cardiac death, peripheral vascular dis-
ease, hypercholesterolemia).

Children and adolescents with FH commonly do not
present any symptoms or signs, thus it is not easy to make
an appropriate diagnosis. It is also not easy to involve
those subjects in therapeutic programs because they feel
completely healthy.

B. Homozygous

Homozygous subjects with FH (prevalence 1:1,000,000)
carry two gene mutants from their parents, who both must
have hypercholesterolemia. They exhibit a 6–10-fold el-
evated LDL cholesterol concentration from birth, develop
cutaneous and tendinous xanthomas, and suffer fatal heart
attacks due to progressive atherosclerosis.

The breakthrough work of Brown and Goldstein
showed that subjects heterozygous for FH carry approxi-
mately 50% of the LDL receptors in the liver that are
responsible for the catabolism of LDL particles. Homo-
zygotes do not have any LDL receptors, or they are not
functional.

During the last few years researchers have found
many different mutations that are partly responsible for
different steps in the uptake of LDL particles. With the
use of various techniques it is possible to differentiate
between defects on the LDL receptor promotor, the 18
LDL R genexons, the corresponding intron-splice se-
quences, or the Codon 3500 region where Apo B is lo-
cated.

So far, no clinical consequences can be drawn from
results based on molecular diagnosis. However, prelimi-
nary findings indicate that there could be some relation
between genotype and phenotype. It could be shown by
recent studies that children with total cholesterol and LDL
cholesterol levels in the so-called normal range with bor-
derline levels can be diagnosed as being affected with FH
on the basis of molecular diagnostic procedures.

V. TREATMENT

The goal of treatment of young subjects with heterozy-
gous FH is to lower elevated LDL cholesterol levels to-
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Table 2 Lipid Research Clinics Program Percentile Levels Defining
Hyperlipoproteinemia (mg/dl)

Total triglyceride

5th Mean 75th 90th 95th

Total cholesterol

5th Mean 75th 90th 95th

Cord 14 34 — — 84 42 68 — — 103
1–4 yr

Male 29 56 68 85 99 114 155 170 190 203
Female 34 64 74 95 112 112 156 173 188 200

5–9 yr
Male 28 52 58 70 85 125 155 168 183 189
Female 32 64 74 103 126 131 164 176 190 197

10–14 yr
Male 33 63 74 94 111 124 160 173 188 202
Female 39 72 85 104 120 125 160 171 191 205

15–19 yr
Male 38 78 88 125 143 118 153 168 183 191
Female 36 73 85 112 126 118 159 176 198 207

Low-density lipoprotein
cholesterol

5th Mean 75th 90th 95th

High-density lipoprotein
cholesterola

50th 10th 25th Mean 95th

Cord 17 29 — — 50 13 — — 35 60
1–4 yr

Male — — — — — — — — — —
Female — — — — — — — — — —

5–9 yr
Male 63 93 103 117 129 38 42 49 56 74
Female 68 100 115 125 140 36 38 47 53 73

10–14 yr
Male 64 97 109 122 132 37 40 46 55 74
Female 68 97 110 126 136 37 40 45 52 70

15–19 yr
Male 62 94 109 123 130 30 34 39 46 63
Female 59 96 111 29 137 35 38 43 52 74

aNote that different percentiles are listed for HDL cholesterol.

wards a normal range. The cornerstone of therapy is diet,
which should be characterized by a low content of satu-
rated fats and an increased content of mainly monoun-
saturated fats. In general, these diets contain less animal
products and more fruits, vegetables, and cereals. They
are also recommended for the general population in order
to avoid diet-dependent health problems such as obesity,
hypertension, and elevated plasma cholesterol levels,
among others.

Using such a diet, many of the affected children and
adolescents can achieve a lowering of total cholesterol and
LDL cholesterol in the range of 10–15%.

In few studies a substitution of soy protein for animal
protein has further decreased LDL cholesterol; however,
up to now no food-products are available in many coun-

tries in order to enable families to introduce such diets. If
the LDL cholesterol level cannot be lowered adequately
by dietetic changes (into the range of 130–160 mg/dl),
the use of drugs should be carefully considered. In chil-
dren older than 10 years with high LDL cholesterol levels
(>190 mg/dl or >160 mg/dl) and a family history of car-
diovascular diseases after a 3–6 month diet period, the
administration of bile-acid resins seems to be indicated.
These drugs, which are not absorbed from the gastroin-
testinal tract, are not very palatable and therefore only a
few children and adolescents adhere to this type of drug
treatment. Reported results range between 15 and 25%
LDL cholesterol reduction. Even in children who were
placed on these drugs from years, no impairment of
growth or development has been observed. However, it
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would seem advantagous to add mainly fat-soluble vita-
min supplements in order to ensure adequate vitamin nu-
trition.

The use of the widely used statins (inhibitors of the
3-hydroxy-methylglutaryl-COA-reductase), which are the
standard drugs for treatment of adults, is restricted to few
trials.

These drugs are not generally licensed for subjects
under the age of 18 years. However, it has been shown
very clearly that even their use over years is not associated
with any adverse effects on growth, development, or other
variables. Furthermore, no serious side effects have been
reported, whereas the LDL cholesterol-lowering effects
range between 20 and 35%. These drugs might be also
the agents of choice in adolescents with markedly elevated
LDL cholesterol levels, because there are no other regi-
mens currently available or on the horizon for the near
future. For patients with extremely high LDL cholesterol
levels and those with homozygous forms of FH, repeated
LDL apheresis can be effective treatment.

In some patients liver transplantation and concomi-
tant liver–heart transplantations have been performed to
remove the organ responsible for the metabolic disorder.
Gene therapy has been performed in some affected sub-
jects; however, this type of treatment seems to be far from
introduction into routine use. It has also not been possible
so far to achieve longterm LDL cholesterol reductions.

VI. FAMILIAL COMBINED
HYPERLIPIDEMIA

This type of lipoprotein disorder is relatively common (3–
5:1,000) and is inherited as an autosomal dominant trait.
In affected families different types of hyperlipidemias can
be observed. One-third of the subjects present with hy-
percholesterolemia, one third with isolated hypertriglycer-
idemia, and one third have both elevated cholesterol and
triglyceride levels.

Patients with this disorder usually have LDL particles
that are enriched with Apo B, thus estimation of Apo B
might differentiate between FCH and the familial hyper-
triglyceridemia. Subjects with FCH have an increased risk
for cardiovascular diseases; however, the risk seems to be
lower than in patients with FH.

Treatment consists of institution of a classic low-fat
(saturated fats ↓, monounsaturated fats ↑, low cholesterol)
diet; in some patients drugs are necessary, in which cases
statins and fibrates are commonly used. There are very
few reports detailing pediatric patients. Even the diagnosis
is not very easy in this age group, because the lipid and
lipoprotein pattern is not fully developed, as in adults.

VII. HYPERTRIGLYCERIDEMIA/
CHYLOMICRONEMIA SYNDROME

Familial hypertriglyceridemia, which is characterized by
an increased concentration of VLDL particles, presents

very rarely in children. If it does, the association with
overnutrition and obesity is not uncommon. In such cases
reduction in energy intake is important, and the intake of
saturated fats should be lowered as well.

Excessive forms of hypertriglyceridemia (former type
I or type V hyperlipidemia) are rare and characterized
by markedly increased concentrations of triglycerides
through the presence of chylomicrons. The lack of lipo-
protein-lipase or the activating enzyme (Apo C-II) is re-
sponsible for this disorder.

Patients with this disorder often have triglyceride lev-
els of 1000 mg/dl and even higher, which causes a milky
plasma. The risk for atherosclerosis is relatively low; how-
ever, in some cases pancreatitis can occur as a compli-
cation. In some patients a strongly fat-restricted diet can
achieve marked reduction of triglycerides, but in many of
the affected subjects a sustained lowering of triglycerides
cannot be attained. Diets containing MCT are not really
established, whereas some attempts with fish oil (w-3-
fatty acids) have been made. Drugs are not indicated for
treatment of patients.
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I. INTRODUCTION

Advances in the treatment of malignant diseases have re-
sulted in a dramatic fall in mortality rates for most of
them, which means that an increasing number of survivors
may have to cope with the late effects of cancer treatment.
The protocols used include surgery, tumor-targeted radio-
therapy, chemotherapy, and total-body irradiation and/or
intensive chemotherapy followed by bone marrow trans-
plantation. There has now been a sufficient follow-up in-
terval for most conditions and for the current therapeutic
regimens, so that most children can be followed with a
prospective view of most potential complications. Appro-
priate therapeutic decisions can therefore be taken to
avoid or minimize severe complications such as dwarfism
or abnormal pubertal development. Although the primary
goal is still to cure the malignant disease, knowledge of
the side effects of treatment should contribute to the
choice of any new therapeutic protocol.

According to the British National Registry of Child-
hood Tumors, acute leukemias, mostly lymphoblastic leu-
kemias occurring in early childhood, account for one-third
of all registrations. Lymphomas, most frequently non-
Hodgkin’s type, account for a further 10% with a higher
incidence in late childhood. Brain and spinal tumors make
up 25% of all tumors, and retinoblastoma, which is often
bilateral and familial, is a major condition requiring cra-
nial irradiation in infants. Most of these tumors require
high dosages of radiation, which severely damage the hy-
pothalamus and pituitary gland. The remaining childhood
cancers include gonadal, bone and soft tissue sarcomas,
and embryonal tumors, such as Wilms’ tumors and neu-
roblastoma (1).

Because most children with malignant diseases are
treated according to nationally or internationally driven
protocols in pediatric oncology centers, it has now be-
come clear that the most constructive evaluation and fol-
low-up of survivors might be undertaken by a combined

endocrinology and oncology clinic. Most treatment pro-
tocols combine chemotherapy and irradiation, but che-
motherapy is becoming an important and sometimes ex-
clusive form of treatment for many conditions. It is
therefore important to consider the detailed structure of a
given treatment for each child, focusing on the location
of the radiation fields causing direct damage to endocrine
glands or to the skeleton, and on the use of cytotoxic
chemotherapy that could be responsible for direct damage
to the gonads (Table 1). In general, the time at which the
late endocrine effects may occur is variable.

II. GROWTH

Growth depends on growth hormone secretion and the
timing of puberty but also on a number of factors unre-
lated to pituitary deficiency, such as chemotherapy, asso-
ciated acute and chronic disease effects, and exposure of
cartilage plates to irradiation, as seen in children with spi-
nal or total-body irradiation. Spontaneous growth after
cranial irradiation is shown in Figure 1.

A. After High-Dosage Cranial Irradiation

Radiation doses in excess of 3000 cGy reduce final height
in most children. The height loss is progressive, reaching
about 1 standard deviation (SD) before puberty and 2 SD
at final height. Growth retardation develops more rapidly,
within 2 years, in patients given 4500 cGy or more. Bone
age is delayed, and typical features of GH deficiency may
appear in prepubertal patients (2).

B. After Low-Dosage Cranial Irradiation

Variable patterns of growth have been reported. Typically,
there is a moderate height reduction during the acute
phase of the disease and the associated induction che-
motherapy. This is followed by a subnormal or normal
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Table 1 Targets Critical to Growth According to
Irradiation Protocols

Cranial Craniospinal
Total
body

Growth hormonea �� �� �
Sex steroidsb � � �
Thyroid hormoneb � �� ��
Skeleton �� �

aHypothalamic and pituitary defect.
bPrimary and/or secondary defects according to radiation protocols.

Figure 1 Mean prepubertal height changes after cranial and
craniospinal irradiation and final heights in patients treated
for leukemia, head and neck tumors, or medulloblastoma.
(From Ref. 61.)

growth rate until puberty. An additional height loss of 1
SD may occur during puberty (2). A few patients have
shown normal growth after irradiation, despite a GH de-
ficiency (3). The overall mean loss in adult height in pa-
tients treated with cranial doses of 1800–2400 cGy varies
from 0.9 to 1.4 SD (4–6). Final short stature is more
likely to occur after intensive induction chemotherapy in
children irradiated at a younger age, if puberty began ear-
lier, and in patients with familial short stature. Because
GH deficiency remains the prime candidate as a cause of
growth retardation, all children should be tested for GH
secretion before and at onset of puberty if they demon-
strate a significant decrease in linear growth. This issue is
even more critical in patients, most frequently girls, pre-
senting with sexual precocity. These irradiated patients are
prone to obesity in the long-term with increased circulat-
ing leptin levels independent of GH status (7).

C. After Spinal or Total-Body Irradiation

Some protocols include extensive skeletal irradiation, and
these patients are exposed to more severe and early

growth retardation. One group of patients includes those
given spinal irradiation (generally 2400 cGy) in addition
to cranial irradiation for medulloblastoma. They may lose
up to 2 SD of height within 2 years following irradiation
and have a mean final height loss of 2–3 SD, with a short
upper segment largely attributed to the lack of spinal
growth (8, 9). Children irradiated before age 6 years are
more severely affected. Some degree of reduced spinal
growth and disproportion also occurs after whole-abdomen
or, more rarely, after flank irradiation, as performed for
abdominal malignancies, such as Wilms’ tumors (10). To-
tal-body irradiation as conditioning for bone marrow trans-
plantation is another therapy that leads to growth retarda-
tion unrelated to GH deficiency. It is increasingly used as
the ultimate therapy in leukemia and in some nonmalignant
diseases (11, 12). The outcome of growth in these patients
depends on the radiation dosage and its fractionation (13).
An immediate growth retardation is observed in patients
given a single 1000 cGy dose. The more recent protocols
with fractionated doses of 800–1000 cGy have little impact
on short-term growth. Final height has been reported to
decrease by 1 SD with diminished sitting height. GH de-
ficiency was found in 30% of these patients, with some
improvement in GH production over the years (14).

Difference in treatment protocols may explain some
discrepancy among reported data. Other factors such as
prolonged corticosteroid therapy, renal failure, and
chronic graft-vs.-host disease may also contribute to
growth retardation. The frequency and severity of GH de-
ficiency depend on the radiation protocols, and GH may
not play a major role in the growth disturbance of these
patients (13, 15–17). Growth retardation may be caused
by several factors, the most important being direct skeletal
irradiation, so that the contribution of GH deficiency to a
decreased growth rate remains difficult to assess. In adult
long-term survivors serum insulin-like growth factor 1
(IGF-1) values were only partly correlated with GH se-
cretion. Normal IGF-1 levels were found in contrast with
evidence of GH deficiency (18, 19) and could be ex-
plained by increased adiposity. Primary thyroid insuffi-
ciency occurs in most patients given total-body irradia-
tion. Elevated plasma TSH appears within 2 years, but
fewer than 10% of patients have overt hypothyroidism.
Most boys and girls irradiated before puberty develop pri-
mary gonadal failure with elevated luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) levels. De-
layed or absence of sex steroid secretion then contributes
to growth retardation at the age of puberty and requires
replacement therapy.

D. After Chemotherapy

The effect of chemotherapy on growth is difficult to assess
because many factors, such as differences among proto-
cols, infection, poor nutrition, and the disease itself, may
play a role. These patients do not develop GH deficiency
after treatment by chemotherapy alone, but the moderate,
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Table 2 Endocrine Abnormalities After External Cranial Irradiation in Patients Evaluated at Least 4 Years After Irradiationa

Cause
Cases

(n)

Frequency of cases with endocrine abnormality (%)

GH deficiency

Complete Partial Thyroidb ACTH LHRHc

Leukemia, 24 Gy 86 30 22 2 0 3
Face and neck tumors, 25–45 Gy 56 46 22 35 7 16
Medulloblastoma, 25–45 Gy 59 52 24 47 8 20
Optic glioma, 45–55 Gy 39 77 23 46 3 40

aExpressed as percentage of affected cases in each patient group. GH deficiency; complete, after stimulation, GH peak <5 ng/ml; partial, 5–8
ng/ml. ACTH, adrenocorticotropic hormone.
bIncludes elevated plasma TSH after direct thyroid irradiation.
cLH/FSH deficiency or precocious puberty. Evaluated in patients reaching pubertal age. Does not include primary gonadal failure.
Source: From Ref. 2.

early growth retardation, as reported in children also ir-
radiated for leukemia (20) or cranial tumors (9), may be
related to the induction chemotherapy and caused by a
transient insensitivity to growth hormone (21). However,
a recent study showed that the final height of patients
treated for leukemia with chemotherapy alone was normal
(6). There may even be catch-up growth in immunodefi-
cient growth-retarded children after preparative chemo-
therapy for bone marrow transplantation (13). Because
some data still suggest that chemotherapy has a moder-
ately detrimental effect on growth (5), follow-up of all
patients remains necessary. However, growth is unlikely
to be a critical issue in nonirradiated patients.

III. PUBERTY

A surprising finding is that children who have received
cranial irradiation may present with early or true preco-
cious puberty (22, 23). This is in contrast with the delayed
puberty usually accompanying idiopathic GH deficiency.
Early puberty occurred in girls after cranial irradiation for
leukemia, and the children who had been irradiated when
very young tended to have the earliest puberty (24, 25).
This is an important consideration because of the risk of
excessive bone maturation and early epiphyseal closure. It
also tends to narrow the window of opportunity to treat
with human growth hormone (hGH) before secretion of sex
steroids. Puberty not only occurs earlier but it is shortened
with early menarche (26). The final height loss may even
be more severe if full-blown precocious puberty is asso-
ciated with untreated GH deficiency. In patients with optic
glioma presenting with precocious puberty at the time of
irradiation, the persistence of a normal growth rate within
1 or 2 years after cranial radiation may be misinterpreted,
and excessive progression of bone age will lead to early
cessation of growth. Growth hormone testing is then nec-
essary 1 year after irradiation to unmask any associated GH
deficiency and allow GH therapy to begin (27).

In contrast, gonadotropin deficiency may develop
within a few years after high-dosage cranial radiation for
tumors, as indicated by arrested puberty, primary amen-
orrhea in girls, and absence of LH and FSH response to
an LH-releasing hormone (LHRH) stimulation test (28).
Some girls suffer only from menstrual irregularities, and
their impact on fertility has not been documented. Gonad-
otropin deficiency is usually associated with GH defi-
ciency and moderate hyperprolactinemia, a combination
indicating multiple hypothalamic pituitary deficiencies.

IV. GROWTH HORMONE SECRETION

The first case of induced hypopituitarism after cranial ra-
diation for a tumor distant from the hypothalamic–pitui-
tary region was reported in 1966 (29). Growth hormone
deficiency is at present the most common pituitary defect
occurring after radiation (Table 2). The hypothalamus is
more radiosensitive than the pituitary gland, so that GH
deficiency is probably caused by a dysfunction of GH-
releasing hormone (LHRH) somatostatin control. This
may explain the differences observed between spontane-
ous and pharmacologically stimulated GH secretion, as
well as the persistence of normal GH responses to the
GHRH stimulation test (31, 33). Experimental studies in
monkeys (32) and the changes observed in the other an-
terior pituitary functions in adult patients (33) support
such a hypothesis. The severity and frequency of pituitary
defects vary according to the initial disease and its specific
therapeutic regimens, but the radiation dosage effectively
delivered to the hypothalamic–pituitary region defines the
risk factor. It depends on the total dosage, the number of
fractions, and the duration of treatment: a given dose de-
livered in a shorter time period is more likely to cause
GH deficiency than one delivered over a long period (2,
34). Assessment of GH secretion requires a pharmacolog-
ical GH stimulation test (35). If growth is retarded despite
normal GH peak responses, it has been suggested that one
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should measure the spontaneous GH secretion during the
night. If the later is subnormal, one may consider a partial
GH deficiency. This condition has been described as GH
neurosecretory dysfunction, and may essentially occur af-
ter low-dosage irradiation (36). Plasma IGF-1 measure-
ment is a convenient screening method: in patients irra-
diated with doses higher than 3000 cGy, IGF-1 values
correlated with spontaneous GH secretion (18). However,
normal IGF-1 concentrations may be observed in patients
with partial GH deficiency after low-dosage cranial irra-
diation (19). The level of IGF-1 is therefore difficult to
interpret since many of these patients are moderately
obese (37). Repeated GH testing may be necessary is
some cases before GH deficiency is diagnosed, in patients
treated with low-dosage radiation. In any case, GH re-
sponses and IGF-1 values must be interpreted according
to the pubertal status of the patient (2).

GH deficiency occurs in about 75% of children
treated with cranial doses between 3000 and 4500 cGy.
All children irradiated with higher dosages are affected
and eventually develop panhypopituitarism. The greater
the radiation dosage, the earlier the GH deficiency devel-
ops, with intervals ranging from 1 year in patients irra-
diated with 4000 cGy for cranial tumors to more than 4
years in leukemic patients (2). The age at time of cranial
irradiation is another important risk factor: younger chil-
dren are more vulnerable (38). It is therefore recom-
mended that cranial irradiation be delayed whenever pos-
sible until the child is over 3 years old. Children treated
for acute leukemia with radiation doses of 2400 cGy or
less do not always develop GH deficiency, and the defi-
ciency may be restricted to the pubertal period (39).
Whereas complete GH deficiency is not reversible, the
long-term outcome of partial GH deficiency, as observed
in patients treated with low-dosage cranial irradiation, is
not firmly established. This may be partly because of dif-
ficulties in quantitatively assessing GH secretion (30). The
anterior pituitary function should nevertheless be re-eval-
uated in these patients after adolescence to provide a ref-
erence for further follow-up during adulthood.

After total-body irradiation preparing for bone mar-
row transplantation, the risk of GH deficiency depends on
the radiation protocol (13, 15, 17, 40). A single dose of
1000 cGy, less commonly used, generally impairs GH se-
cretion. Doses over 700 cGy, even fractionated, induce a
50% risk of GH deficiency. Generally there seems to be
no correlation between GH secretion and growth, at least
during the first few years following irradiation (13). This
is not surprising, because many other causative factors
may play a role.

V. THYROID

The reported incidence of central hypothyroidism after
cranial irradiation depends on the diagnostic criteria since
most patients do not develop overt clinical hypothyroid-

ism. Even low free T4 (FT4) with normal or low thyroid-
stimulating hormone (TSH) is observed in only a small
percentage of patients, in the high-risk group (2). In a re-
cent study, because of the lack of overt clinical presenta-
tion, the incidence of TSH dysregulation was assessed by
combining three criteria: basal FT4, TSH response to thy-
rotropin-releasing hormone (TRH), and nocturnal TSH
surge. Using such sensitive biological criteria it was shown
that 92% of the patients with central hypothyroidism would
have remained undiagnosed by evaluation of baseline thy-
roid function tests alone. In patients treated with 3000 cGy
or more or total-body irradiation its frequency reached
39%; after lower-dosage radiation the percentage was de-
creased to 8%, by 10 years after tumor diagnosis (41).
Mixed central and primary hypothyroidism is expected to
occur if the thyroid was also irradiated. The TSH deficiency
may occur even before GH deficiency, although undiag-
nosed by the conventional insensitive tests (41) (Table 2).

The incidence of central hypothyroidism is related to
the total radiation dose. Chemotherapy with busulfan and
cyclophosphamide may exacerbate the effects of irradia-
tion. Transient hypothyroidism has also been reported dur-
ing induction chemotherapy with L-asparaginase (42). The
issue of latent central hypothyroidism is complex. One
may consider that it should be treated with L-thyroxine to
optimize spontaneous or hGH-treated growth as well as
intellectual and school performance of affected children.
More studies are needed to evaluate replacement therapy
in these cases. Primary hypothyroidism due to direct thy-
roid irradiation is diagnosed by TSH elevation. It is found
in patients irradiated for Hodgkin’s disease or after cra-
niospinal irradiation. Hyperfractionation of radiation ther-
apy lowers its incidence in the long term (43).

The risk of benign nodules or thyroid cancer in later
adult life is increased after radiation of the neck. Because
low-dosage thyroid radiation exposure (up to 500 cGy) is
a known cause of neoplasm, both head and neck thera-
peutic irradiation must be considered as a risk factor. Al-
though most data are derived from patients treated for
Hodgkin’s disease (44), children given spinal or total-
body irradiation should also be evaluated through adult-
hood. Ultrasonography of the thyroid is more sensitive
than physical palpation. However, it is so sensitive and
nodules are so prevalent in the normal population that
great caution is needed in interpreting the results. Serum
thyroglobulin levels correlate with the number of nodules
(45). Surgery is a difficult decision. Therefore, it is im-
portant to inform all patients of the need for prolonged
follow-up. It has been suggested that thyroxine therapy,
at dosages that suppress TSH secretion, would help avoid
recurrence after surgery of nodules (33).

VI. GONADAL AND REPRODUCTIVE
FUNCTION

Risk factors for gonadal toxicity include local irradiation,
type and dosage of chemotherapy, age, pubertal status,
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Table 3 Current Chemotherapy Agents Cytotoxic for the
Testis and Ovary

Chemotherapy Disease

Alkylating agents
Cyclophosphamide Lymphoblastic leukemia

Non-Hodgkin’s lymphoma
Various tumors

Ifosfamide Soft tissue tumors
Ewing sarcoma
Nephroblastoma

Melphalan
Busulfan

Bone marrow transplantation
Bone marrow transplantation
Chronic myeloid leukemia

Dacarbazine (DTIC) Soft tissue tumors
Carmustine (BCNU) Hodgkin’s disease

Brain tumors
Lomustine (CCNU) Hodgkin’s disease
Semustine

(methyl-CCNU)
Brain tumors

Other agents
Cytarabine

(cytosine arabinoside)
Lymphoblastic leukemia

Vincristine Various tumors
Vinblastine (VLB) Hodgkin’s disease
Procarbazine Hodgkin’s disease
Cisplatin (cis-DDP) Various tumors

and gender of the patient (Table 3). There are important
differences between male and female gametogenesis and
its relationship to gonadal endocrine function.

A. Girls

The ovocyte during postnatal life is resistant to chemo-
therapy. However, if ovocytes are damaged or destroyed
by anticancer therapy, reduction in their number results in
absence of puberty or, at a later age, in temporary or per-
manent cessation of ovulation with shortening of the re-
productive period.

Chemotherapy-related damage to the ovary depends
on the drug, its dosage, and age of the patient: gonado-
toxic effects increase with age. They are minimal in pre-
pubertal girls who have a greater reserve of germ cells
and primary follicules. Alkylating agents, such as cyclo-
phosphamide at a total dosage greater than 20 g or 500
mg/kg (46) and high-dosage busulfan permanently sup-
press ovarian function. Combination chemotherapy regi-
mens have generally less effect on ovarian function in
adolescent girls than in adult women. However, little is
known about ovarian damage in prepubertal girls: if
treated for leukemia a favorable outcome was reported
(26, 47, 48). In Hodgkin’s disease mechlorethamine, on-
covin (vincristine), procarbazine, prednisone (MOPP) and
mechlorethamine, vinblastine, procarbazine, prednisone

(MVPP) regimens, which induce a high incidence of tran-
sient or permanent amenorrhea in adults, have little effect
on ovarian function in girls providing they did not un-
dergo additional pelvic irradiation (49, 50). In contrast, a
favorable outcome was reported after Adriamycin (doxo-
rubicin), bleomycin, vinblastine, dacarbazine (ABVD)
regimen (51).

Ovarian function may be severely impaired by irra-
diation with fractionated doses over 700 cGy, with com-
plete destruction of the ovocytes at 2000 cGy (52) as used
in patients treated for abdominal, pelvic, or genital tu-
mors, and Hodgkin’s disease. Primary ovarian dysfunction
may also occur in patients who received spinal irradiation
with scattered irradiation to the ovaries (53). Ovarian
transposition before abdominal irradiation has been shown
to protect patients from ovarian failure if performed be-
fore puberty (54).

Total body irradiation (TBI) as conditioning for bone
marrow transplantation induces a high risk of ovarian fail-
ure. Permanent and total damage to the ovary occurs in
girls given high dosages of busulfan, often associated with
cyclophosphamide (55, 56). In contrast, chemotherapy
regimens excluding busulfan have a favorable outcome.
Young age at TBI and fractionated irradiation are associ-
ated with increased ovarian recovery. However, the time
required for recovery may vary up to 7 (57) or 10 years
(58). Transient increase in plasma gonadotropins, and ul-
timate recovery, were observed in 35% of the girls treated
with TBI for leukemia (59). When estrogen replacement
therapy is given, it should therefore be stopped periodi-
cally to detect any ovarian recovery.

Future fertility is the main issue in these patients. The
prospects for normal fertility are favorable in girls treated
with nonintensive chemotherapy for leukemia (60, 61) or
with nitrosureas for brain and spinal tumors. There is a
poor correlation between plasma gonadotropin levels and
fertility: amenorrheic girls with persistently elevated
plasma gonadotropins may become pregnant. Presently
there is no evidence, in spite of favorable animal studies,
that suppression of gonadal activity during anticancer
therapy decreases the risk of gonadal toxicity.

In a recent study, a global fertility deficit of 23% was
observed in women treated during childhood with alkyl-
ating agents and abdominal–pelvic irradiation with large
variations according to treatment regimens (62). Radiation
is the most deleterious factor. It also damages the uterus
and its vascularization, which may result in a high fre-
quency of miscarriages or premature births with a higher
frequency in girls receiving TBI before puberty (56, 60,
63). These lesions are more severe when girls were treated
in early childhood (64, 65). There is no increased fre-
quency of congenital malformations. Because of uterine
atrophy, as shown by reduced uterine length and endo-
metrial thickness at ultrasound examination, some women
are also unlikely to benefit from in vitro fertilization with
donor ovocytes (66). Estrogen replacement therapy may
be inadequate to generate normal uterine growth (67).
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Strategies to preserve fertility are available: ovarian
tissue cryopreservation is being adopted by expert centers.
However, there is no evidence of its ultimate efficacy in
humans (68) despite favorable reports in experimental
studies (69).

Clinical evaluation of ovarian activity is easy in cases
with complete gonadal failure. It is less precise in patients
with secondary amenorrhea with elevated FSH and LH
plasma concentrations. The latter may be the only sign of
ovarian dysfunction observed during posttreatment fol-
low-up. Estrogen and progesterone replacement therapy is
necessary to feminize these patients fully and allow nor-
mal pubertal growth. However, breast atrophy may result
from scattered irradiation after whole abdominal or flank
irradiation performed before puberty. It may require cos-
metic surgery for correction (64).

B. Boys

The germinal epithelium is more sensitive to irradiation
than Leydig cells. In prepubertal boys local doses between
300 and 1000 cGy, as delivered during abdominal or low
spinal irradiation (craniospinal irradiation may result in a
scattered dose to the gonad), induce a transient or per-
manent rise in serum FSH at time of puberty with later
oligospermia or azoospermia and reduced testicular vol-
ume (70). Germ cell dysfunction occurs after total body
irradiation, single or fractionated, with a high risk of
azoospermia (59). Recovery of germ cell function is rare,
even more so after fractionated irradiation (71). When ir-
radiated during puberty, similar data were reported; re-
covery of gametogenesis is not assured and may occur
years later.

Chemotherapy is essentially aggressive to germ cells.
It includes alkylating agents, procarbazine, vinblastine,
cytarabin, and cisplastin (Table 3). Except for the very
aggressive intensive cytotoxic chemotherapy with high
dosages of cyclophosphamide or busulfan, there are re-
markable individual variations that may not be predictable
and long-term follow-up is necessary. The elevation of
serum FSH is consistent with germinal damage (72). Each
regimen used in the management of a given cancer should
be evaluated for its potential harm to the gonads. For in-
stance, the effects of cyclophosphamide on sperm density
are proportional to the dosage given before adulthood
(73). A total dosage of 200 mg/kg or more is followed by
evidence of germ cell damage, probably more extensive
if treated after the onset of puberty; the prognosis of fer-
tility is poor in most patients (74). Combination chemo-
therapy (such as MOPP or MVPP to treat Hodgkin’s dis-
ease), regimens are generally more gonadotoxic than
individual agents. Therefore, new regimens with low go-
nadal toxicity are being developed (75).

The Leydig cell function, in general, is preserved.
Testosterone secretion and pubertal development are nor-
mal following local irradiation with doses inferior to 2000
cGy or total body irradiation although elevated serum LH

with normal testosterone values may be observed in some
cases. Only males who received high-dosage testicular ir-
radiation after one leukemia relapse experience testicular
failure and require androgen replacement therapy (76).

VII. OTHER ENDOCRINE COMPLICATIONS

Deficiency in adrenocorticotrophic hormone (ACTH) and
secondary adrenal insufficiency with clinical symptoms
are rare complications that occur after high doses of cra-
nial radiation for the treatment of brain tumors. In children
this may cause hypoglycemia if combined with severe GH
deficiency. It may occur as early as the first 2 years after
radiotherapy (33). If early morning plasma cortisol levels
are low and do not respond to insulin-induced hypogly-
cemia, hydrocortisone replacement therapy is required.

Hyperprolactinemia (usually below 100 ng/ml) after
high-dosage cranial irradiation occurs during adolescence
or adulthood without any clinical expression. It is an ad-
ditional indicator of hypothalamic damage (33).

Cranial irradiation is never accompanied by posterior
pituitary dysfunction. Calcium homeostasis remains nor-
mal although primary hyperparathyroidism had been re-
ported to rarely occur after low-dosage neck irradiation.
There is no reported evidence of primary endocrine pan-
creas or adrenal dysfunction after abdominal irradiation.

VIII. FOLLOW-UP AND MANAGEMENT

Long-term assessment of oncology patients is required for
growth, puberty, fertility, and other late endocrine com-
plications. Adult endocrinologists should now focus on
GH-deficiency-related symptoms, obesity, bone mineral
density decrease, intellectual cognitive functions, and sex-
ual life of the survivors. Regular checkups are necessary
to decide upon replacement treatment.

A. Growth Hormone Replacement Therapy

It is easy to decide after cranial irradiation for brain and
facial tumors because GH therapy is generally severe. Re-
combinant growth hormone given at the usual dosage of
0.1 iv/kg/day (about 0.025 mg/kg/day) produces a signif-
icant improvement in growth rate. According to earlier
reports, the long-term results and final heights achieved
have been disappointing (77–79). One factor may have
had negative effects when compared with patients with
idiopathic GH deficiency: some patients had early or pre-
cocious puberty, which accelerated the skeletal maturation
more quickly than the increase in growth rate. Failure to
catch up with normal height may also have been related
to low hGH dosage in some studies. It is therefore essen-
tial to commence hGH therapy as soon as GH deficiency
and growth retardation are documented, but preferably not
less than 2 years after the primary treatment, except for
severe cases.

This issue is more complex in patients treated for
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leukemia with low dosages of cranial irradiation. In this
group GH therapy should be started before puberty only
if the height loss exceeds 1 SD, because some patients
maintain normal growth rates for several years until pu-
berty despite a GH deficiency, and at time of onset of
puberty if short stature and severe GH deficiency predict
significant adult height loss. Again, early or precocious
puberty is an additional risk factor of short stature. LHRH
analog therapy should then be considered in association
with the hGH treatment. In this group of patients most
authors restrict the use of hGH and/or LHRH analog ther-
apy to GH-deficient patients most at risk of final short
stature because of familial short stature, cranial irradiation
at a younger age, and/or early puberty. Whatever the cra-
nial radiation dosage, those who have received additional
spinal irradiation have a poor response to hGH treatment
(79, 80). The same suboptimal growth response occurs
after high-dosage total-body irradiation.

In patients with cranial irradiation, there is now suf-
ficient evidence that growth can be improved by hGH
therapy. Combination with LHRH analog allows these pa-
tients to reach height in the normal range, although fre-
quently lower than calculated target height (81, 82). Re-
duced final height remains a critical problem in patients
with craniospinal or total body irradiation.

One major concern is the potential oncogenic effect
of hGH treatment. However, there is at present no evi-
dence that hGH promotes leukemia or tumor relapse (83).
A high rate of secondary malignancies has been reported
in children treated before age of 3 years with alkylating
agents and etoposide with or without irradiation (84).
Continuation of GH therapy after final height is reached
is being evaluated. These adults are often obese, with
poor physical performance. However, the need for pro-
longued hGH therapy in adulthood may be questionable
in patients who do not show profound GH deficiency. Re-
duced trabecular and cortical bone mineral density after
cranial irradiation was observed during chemotherapy and
does not seem to be correlated with the GH status. It re-
quires follow-up in later life and appropriate intervention
(85).

B. Other Issues

At present, GH replacement therapy with conventional
doses is well defined and other issues should be given
priority in the long term and according to the oncology
therapy. Thyroid nodules occur after many years. Gonadal
failure requires replacement therapy. Risk of damage to
fertility can be anticipated but long-term evaluations are
still necessary in patients of both genders. Skeletal dys-
plasia may be secondary to irradiation and appropriate re-
placement sex steroid therapy is necessary to minimize
loss of bone mineral density. On all issues parents and
patients should be warned and helped in order to face
potential problems after cure of the cancer.

C. Intellectual and Neuropsychological Risks

The risk of intellectual dysfunction has been recognized
for a long time and a comprehensive analysis was pro-
vided by Duffner (86) in the early 1990s. With the pro-
tocols followed at that time, precise conclusions were pre-
sented. The most important variable was age at time of
diagnosis and treatment: children younger than 3 years
had significantly lower IQs than patients treated at older
ages. This led practitioners to postpone cranial irradiation
and to treat with postoperative chemotherapy in an at-
tempt to delay radiation until the children could better
tolerate its effects. A second risk factor is large-volume
irradiation, with significant changes in IQ scores docu-
mented after whole-brain irradiation. The dosage of ra-
diation that produces neuropsychological sequelae is not
precisely known.

More recent studies have shown that only-chemo-
therapy protocols among leukemic children had modest
late effects on nonverbal cognitive skills, particularly
among girls (87). However, sequelae including language
and education disabilities were reported when leukemic
children received cranial irradiation (24 cGy or 18 cGy)
(88). Impaired academic achievement was reported as
well after central nervous system (CNS) chemotherapy
prophylaxis in these patients. More recent studies have
shown that only-chemotherapy protocols among leukemic
children had modest late effects on nonverbal cognitive
skills, particularly among girls.

Children with medulloblastoma treated with irradia-
tion at high dosages most frequently show severe neuro-
psychological deficit, requiring specific support (89). Over
time, deficits in nonverbal and information processing
skills may increase (90).

Survivors of pediatric bone marrow transplantation
are being more precisely evaluated and a recent study con-
cluded that with or without TBI, bone marrow transplan-
tation entails minimal neurocognitive sequelae in patients
who are 6 years of age or older at therapy (91). Because
there is a significant incidence of learning disabilities after
cranial irradiation, early and appropriate monitoring of
cognitive skills may improve the neurocognitive future of
these patients.
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I. INTRODUCTION

On June 5, 2001, acquired immunodeficiency syndrome
(AIDS) turned 20. AIDS has claimed more than 21 mil-
lion lives, including more Americans than died in World
War I and World War II combined (1).

The first cases of AIDS in children were reported in
1983 (2,3). Since the beginning of the epidemic, 4.3 mil-
lion children have died and 1.4 million children less than
15 years of age are infected with human immunodefi-
ciency virus (HIV) (4). Approximately 70% of all cases
of AIDS occur in sub-Saharan Africa, where it is esti-
mated that 1:4 adults is HIV-seropositive. Other regions
struggling with substantial rates of new infections are the
Caribbean, Southeast Asia, and Eastern Europe (1). AIDS
has evolved into two distinct epidemics: a horizontal ep-
idemic in adults, spread by sexual contact or shared nee-
dles; and a vertical epidemic in which infected mothers
give birth to infected children. Since the number of HIV-
infected women will continue to increase because of both
intravenous drug use and heterosexual transmission, many
more cases of AIDS in children are expected to occur (5).

Most cases of pediatric HIV infection worldwide are
a result of perinatal transmission. During the year 2000
alone 600,000 children became infected with HIV-1
through mother-to-child transmission (4). Of pediatric
HIV cases reported in children less than 13 years of age
in the United States, 88% were acquired perinatally; 2%
were caused by infection via blood and blood products in
individuals with clotting disorders, such as hemophilia;
and 10% were classified as other or not reported (6). In
the United States there has been a dramatic reduction in
mother-to-child HIV transmission rates, from a high of
2500 in 1992 to fewer than 400 perinatal infections in
1998. This decline reflects the Public Health Service’s rec-
ommendations made in 1994 and 1995 for routine HIV
counseling and voluntarily testing for all pregnant women,

and for offering zidovudine to infected women during
pregnancy and delivery, and for the infant after birth (6–
8). A longitudinal follow-up study of the Pediatric AIDS
Clinical Trials Group Protocol 076 (PACTG 076), re-
vealed that there were no adverse outcomes with respect
to growth, cognitive/developmental function, immune
function, cancers, or mortality for uninfected PACTG 076
children treated with zidovudine in utero compared to a
placebo group (7,8).

The situation is less fortunate in the developing
world. Mother-to-child transmission is the major mode of
HIV-1 infection in children. Approximately 1600 children
are infected daily with HIV (9,10). Viral burden, immu-
nocompetence in the mother, obstetric factors, as well as
other unknown inherited factors influence the risk of
transmission.

In the United States, improvements in the means of
detecting and treating HIV infections have lead to im-
provements in the quality of life and survival of infected
children. As these children survive longer, the effects of
HIV infections on various organ systems become more
apparent. It is therefore imperative to detect and treat HIV-
related complications as early and effectively as possible.

The endocrine alterations observed in HIV-infected
children may be caused by the direct effects of HIV in-
fections, the severe often-debilitating chronic disease that
results from infection with the HIV and/or accompanying
opportunistic infections or neoplasms, or the therapeutic
agents used to treat HIV-infected children.

Evidence for alterations in the endocrine system by
HIV disease derives from pathological studies of autopsy
material as well as from in vitro and in vivo studies and
clinical trials. In this section we review existing evidence
of endocrine system alterations in patients infected with
HIV, with special emphasis on studies relating to HIV-
infected children.
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II. GROWTH

The effect of HIV infection on growth in children is ex-
pressed differently during the different stages of devel-
opment.

Markson et al. (11) examined factors associated with
low birth weight (LBW) in HIV-infected patients and
compared them to a control group. The study population
consisted of 772 HIV-infected women; 2377 women
served as controls. Women who were HIV-positive had a
29% chance of delivering a LBW infant compared to a
9.3% chance for the control group. Delivery of a LBW
infant was also strongly associated with illicit drug use,
maternal smoking, and African-American vs. non-His-
panic white ethnicity. When they compared the odds of
delivering a LBW infant among full-term deliveries, they
found that HIV-infected women were three times as likely
to deliver a LBW infant. After adjusting for the effects of
smoking, illicit drug use, maternal risk factors, and health
care delivery, HIV-infected women are at an increased risk
of delivering a LBW infant.

Weng et al. (12) evaluated the effect of perinatal HIV-
1 transmission and birth outcomes, such as birth weight,
gestational age, head circumference, and weight/head ra-
tio. Some 627 women and their infants were analyzed;
318 women were HIV-seropositive and 309 women were
seronegative. Unadjusted mean birth weight of HIV-un-
infected infants was 235 g more than HIV-infected infants.
When the infants were evaluated at the end of the neonatal
period, HIV-infected infants’ weight was lower than the
weight of HIV-negative infants born to HIV-positive
mothers. The adjusted birth weight was found to be 96 g
less in the infected than in the uninfected group. Maas et
al. (13) studied prospectively the effects of maternal HIV
infection on fetal development and neonatal morbidity in
17 neonates and 37 controls, of whom 21 were exposed
to opiates. They concluded that prenatal exposure to opi-
ates and nicotine but not HIV infection resulted in fetal
growth retardation and neonatal morbidity.

Results from prospective cohort studies of pregnancy
outcomes of HIV-infected mothers in the United States
indicate that HIV-infected newborns weigh 0.28 kg less
and are 1.64 cm shorter than HIV-exposed but uninfected
controls (14). A total of 282 patients were enrolled in this
study, of whom 59 were infected with HIV and 223 were
not. When re-evaluated at age 18 months, the HIV-in-
fected infants were 0.7 kg lighter and 2.2 cm shorter than
the HIV-exposed uninfected children. Therefore, mother-
to-child transmission of HIV is associated with a decrease
in birth weight of the infant. The effect of HIV infection
is on par with other determinants of birth weight, such as
primiparity and gender, and somewhat lower than the ef-
fect of maternal smoking during pregnancy.

In conclusion, infants with perinatal acquired HIV
tend to be shorter and have a lower birth weight. Most of
these studies were done prior to the use of Zidovudine,
which has been shown to cause an increase in weight (15).

Johnson et al. (16) evaluated prospectively 20 chil-
dren born to HIV-infected mothers for 18 months. All in-
fants had normal birth weights, suggesting no effect of
HIV exposure on intrauterine growth. By the end of the
first year of life 12 children had no evidence of infection.
None of them was considered to have failure to thrive. Of
the eight infected children, four (50%) exhibited growth
failure, two developing a syndrome of growth failure, der-
matitis, and early death. The authors’ conclusion was that
the growth failure accompanying HIV infection appears
to be postnatal in origin.

In a group of children age 4–24 months with peri-
natally acquired infection, 10 who had antigen-induced
lymphocyte proliferation were found to grow normally, in
contrast to 8 children with absent antigen-induced lym-
phoproliferation, 7 of whom had failure to thrive (17).

McKinney et al. (18) compared 62 HIV-infected with
108 uninfected children <25 months of age. The weight1

2

for length scores through the first 2 years of life were
comparable in the two populations, suggesting that the
HIV-infected children were not abnormally lean or
wasted. However, the uninfected population was signifi-
cantly longer (higher length for age scores) at 4–24
months of age than the infected children. However, the
study did not take into account that 73% of the infected
children had received antiretroviral treatment (Zidovu-
dine), which has been shown to result in increased weight
(Table 1).

de Martino et al. (19) studied 32 congenitally ac-
quired HIV-infected prepubertal children, classified as
Centers for Disease Control (CDC) clinical category C,
who were taking two nucleoside reverse transcriptase in-
hibitors. The control group consisted of 248 HIV-negative
children. All children were evaluated for 12 months. The
height, height velocity, bone age, insulin growth factor 1,
(IGF-1), and IGF-binding protein-3 (IGFBP-3) of the
HIV-positive group were lower than those of controls.
They also had higher spontaneous and phytohemagglu-
tinin-stimulated interleukin-6 (IL-6) release. This was in-
versely correlated with height velocity, bone age, IGF-1,
and IGFBP-3, suggesting that IL-6 overproduction may
be a mechanism of IGF-1 and IGFBP-3 downregulation,
which causes the impaired linear growth in children with
perinatal HIV-infection.

In children with HIV infections, poor growth has
been a consistent finding. Of the first 15 children with
AIDS reported in 1983, 13 (87%) were described as hav-
ing failure to thrive (FTT) (2,3). A subsequent report de-
scribed FTT in 14 of 14 infants less than 7 months of age
with AIDS (20). The poorly defined term FTT has been
a frequently reported characteristic of infants and children
with AIDS. A dysmorphic syndrome noted in HIV-in-
fected children and named HIV embryopathy by some
had, as its most commonly found feature, FTT or poor
growth (21). Reviews of large numbers of HIV-infected
children have consistently commented on the occurrence
of poor growth in the affected children (22–25).
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Table 1 Birth Weight (Wt) and Length (L) in Perinatally Acquired HIV Infection vs. HIV-Negative Infants

Reference N % Diagnosis L (cm) Wt (kg) Remarks

11 NA 29 HIV� NA LBW 9.3% born to HIV-negative mothers had LBW.
12 48 100 HIV� NA �0.154 206 uninfected infants born to HIV-positive mothers were 0.154 kg

more at birth.
14 59 100 HIV� �1.64 �0.28 At birth, compared to HIV-negative infants.

59 100 HIV� �2.2 �0.7 At age of 18 months compared to HIV-negative infants.
16 20 100 a normal normal At birth.

8 75 HIV� NA NA At 12 months, 2/8 died.

aAt birth could not establish diagnosis.
NA, not available.

The cause of growth failure of most HIV-infected
children is not known. Johann-Liang et al. (26) evaluated
23 prepubertal congenitally HIV-infected children aged
1.3–13.2 years. They observed that HIV-infected children
had significantly lower IGF-1 levels compared with age-
and gender-matched controls. When compared with HIV-
infected children with normal growth, the group with
growth impairment had lower IGF-1 levels, severe im-
mune suppression, increased viral burden, increased IL-6
activity, and decreased total serum protein.

We evaluated 31 children with symptomatic HIV in-
fections. We found that as a group they were not smaller
than average. When individual patients were evaluated,
however, we found that about 1:6 of the HIV-infected
children were underweight (weight < 3%), and one-third
had height and weight velocities <3%. Those children
who had more opportunistic infections and lower CD4
lymphocyte counts tended to grow most poorly. A sub-
stantial number of patients had abnormal thyroid function
test results, IGF-1, and cortisol levels. Urinary growth
hormone excretion was increased in the patients as a
group (27).

In a retrospective analysis of 198 children enrolled in
the Children’s Hospital of New Jersey AIDS program, suf-
ficient data for growth analysis were found in 122 sub-
jects. Poor growth, defined as weight or height <5% based
on National Center for Health Statistics (NCHS) data, was
noted in 10 of 22 infants less than 2 years of age, 5 of
whom were girls. Of these, eight had heights and weights
<5%. Among boys older than 2 years, 15 of 49 had poor
growth, 6 having low weights and heights, 7 only low
heights, and 2 low weights. These data confirm our earlier
finding that height was more affected than weight in HIV-
infected children, suggesting that nutritional factors alone
could not explain the growth failure. CD4 cell counts were
lower and the incidences of opportunistic infections were
higher in poorly growing children. The incidence of pro-
gressive encephalopathy was not related to the children’s
growth patterns (28).

Jospe and Powell reported an 8-year-old girl with
growth hormone deficiency (29). Laue et al. (30) studied
nine children with severe growth failure, with heights be-

tween 2 and 5 standard deviations (SD) below the mean.
All children had normal levels of IGF-1, and eight of nine
had normal growth hormone responses to stimulation tests
with arginine and levodopa. Thyroid and adrenal function
tests were by and large normal in these children and could
therefore not provide an explanation for their growth fail-
ure. Schwartz et al. (31), also found normal growth hor-
mone response to glucagon stimulation in 12 short chil-
dren with average heights of 2.23 SD below the mean.
Serum IGF-1 levels were low. Lepage et al. (32) com-
pared 16 HIV-seropositive children 5–12 years of age
with perinatally acquired disease in Kigali, Rwanda, with
age- and gender-matched seronegative children. Of 16 pa-
tients, 12 had short stature, and 7 had low weight for age.
Mean IGF-1 concentrations were lower in patients (n =
11) than controls, but basal (unstimulated) growth hor-
mone levels were not different between the two groups.

Rondanelli et al. (33), looked at the circadian secre-
tion of growth hormone (GH), IGF-1, cortisol, adreno-
corticotropin (ACTH), and thyroid-stimulating hormone
(TSH) in HIV-infected children. Twenty-seven prepubertal
children participated in the study, of whom 14 were well-
nourished HIV-seropositive and 13 were clinically healthy
children chosen as controls. They demonstrated that
throughout the 24 h period plasma GH, cortisol, and
ACTH levels were similar and fell within normal limits
in HIV-seropositive and healthy controls. Serum TSH lev-
els were similar, except at 2400 h, when the TSH levels
were significantly lower in the HIV-seropositive children
than in the healthy children. Bone age and chronological
age ratio were below 1.0 in 10 of the 14 children (71%),
4 of the 14 children had height <3rd percentile, 2 of 14
children had weight <3rd percentile, and mean basal IGF-
1 levels were below normal range for 12 of 14 children.
At all time points the IGF-1 circadian profile was signif-
icantly lower in HIV-seropositive children than in the con-
trol group.

Carey et al. (34) studied 1338 HIV-infected children
aged 3 months to 15 years, who participated in a multi-
center pediatric AIDS clinical trials to assess their somatic
growth and to construct age-specific growth velocity
norms. They found that there were consistent deficits in
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Table 2 Growth Disturbances Observed in HIV-Infected Children

Reference N Height < 5% Weight < 5% Height velocity < 3% Weight velocity < 3%

27 31 19% < 3% 10% 10%
28 22 < 2 yr 45% 45% NA NA
28 49 > 2 yr 26% 16% NA NA
33 14 29% 14% NA NA
34 1338

(3 m–15 yr)
33% < 3% 20 < 3% NA NA

NA, not available.

Table 3 Growth Disturbances and Hypothalamic–Pituitary Axis in HIV-Infected Children

Reference N Height SD below mean IGF-I Response to stimulation test

26 23 NA Low NA
30 9 2–5 100% normal 89% normal response
31 12 2.23 100% low 100% normal response
32 16 NA 69% low NA

NA, not available.

growth velocities among HIV-infected children. Approx-
imately 33% of height and 20% of weight age- and gen-
der-corrected velocity measurements were below the 3%
percentile. These normalized growth velocities are useful
means of following the growth of pediatric AIDS patients
(Table 2,3).

Children with hemophilia provide a unique popula-
tion for the study of the effects of HIV infection on
growth. In one study, 3 of 22 boys had growth failure: 2
had low IGF-1 levels and possible neurosecretory dys-
regulation of growth hormone secretion (35). In another
study, Jason et al. (36) noted a decline in weight percen-
tiles in 41 children with hemophilia following the diag-
nosis of HIV infection. They suggested that the effect of
HIV infection on weight might precede both the clinical
and laboratory alterations of the immune deficiency.

Brettler et al. (37) found that growth failure, defined
as decrease of more than 15 percentile points in height or
weight for age for 2 consecutive years, was predictive of
the development of symptoms in HIV-positive children
with hemophilia. The growth failure in many cases pre-
dated the lowering in CD4 levels, generally thought to be
a prognostic indicator of disease progression. In a multi-
center Hemophilia Growth and Development Study, entry
data revealed that, adjusted for age, HIV-positive subjects
were three times as likely as HIV-negative subjects to
have height for age decrement (38). Gertner et al. (39)
studied a cohort of 300 boys with hemophilia. Those who
were infected (62% of the total) had lower age-adjusted
heights and weights than the uninfected boys. Despite
decrements in growth parameters, the HIV-infected group
had no evidence of wasting or malnutrition. The growth

failure was postulated to be caused by delays in pubertal
maturation, reflected by delays in bone age and by differ-
ences in testosterone or sex-hormone-binding globulin se-
cretion.

The Hemophilia Growth and Development Study (40)
evaluated growth and hormone correlates in 207 HIV-pos-
itive and 126 HIV-negative males for a period of 3.5
years. Eighty-nine of 207 HIV-positive males and 31 of
the 126 HIV-negative males were further evaluated ac-
cording to the study protocol; subjects who demonstrated
declines in height for age (measurement <5th percentile
with two previous heights >10th percentile), who had not
achieved Tanner stage IV level by age 15 years or who
had abnormal growth velocity. IGF-1 levels were normal
for age in both subgroups. In participants with abnormal
growth, 47% of HIV-positive and 17% of HIV-negative
had an abnormal response to growth hormone (GH) stim-
ulation test (a value <10 ng/ml). For the entire HIV-pos-
itive population, no correlation was found between growth
hormone response to stimulation test and state of immu-
nodeficiency (CD4 count <200 vs. >200). There were no
abnormalities in IGF-1 and/or thyroid function tests, and
there was no correlation with CD4 count.

Another longitudinal study of the Hemophilia Growth
and Development Study evaluated the association between
plasma HIV RNA and CD4 T lymphocytes and height,
weight, skeletal maturation, testosterone levels, and height
velocity in children and adolescents with hemophilia. Two
hundred and seven boys participated for a period of 7
years. They found that any increments in viral load led to
decrease in both height and weight. Furthermore, partici-
pants with a baseline viral load >3125 copies/ml, had sig-
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Table 4 Growth Impairment in HIV-Infected Boys with Hemophilia

Reference HIV-positive HIV-negative

35 3/22: growth failure
2/22: low IGF-1 levels

NA

36 Observed decline in weight percentiles NA
38 Three times more likely to have height for age decrements NA
39 186/300: lower age-adjusted height and weight 114/300: normal age-adjusted height and weight
40 89/207: response to GH stimulation test <10 ng/ml

Normal IGF-1 values in entire cohort
31/126: response to GH stimulation test <10 ng/ml
Normal IGF-1 values in entire cohort

41 Decrements of 100 cell/ml of CD4
2.51 cm decrement in height
3.83 kg decrease in weight

NA

NA, not available.

nificant delays in achieving maximum height velocity and
lower maximum velocity when compared with partici-
pants with lower viral load. A decrement of 100 cell/ml
of CD4 was associated with a 2.51 cm decrement in
height, 3.83 kg decrease in weight, and decreases in bone
age and testosterone level. Baseline immune function was
more important in predicting the outcome than were the
changes from baseline (41) (Table 4).

The growth abnormalities in HIV-infected children
were thought by many researchers to be due to inadequate
caloric intake. Malnutrition and evidence of carbohydrate
malabsorption as detected by lactose hydrogen breath tests
and D-xylose absorption studies are common in HIV-in-
fected children; these abnormalities do not seem to be
predictive of or correlated with growth failure (42,43).
Henderson et al. (44) studied the effect of tube feeding in
18 HIV-infected children who presented with growth fail-
ure. The study ranged from 2 to 24 months (median of
8.5 m). They observed increased weight, weight for
height, and arm fat area. Tube feeding did not result in
significant increase in height for age, or arm muscle area.
This suggested that other variables are involved in growth.
It is apparent that there are decrements both in weight and
height in HIV-infected children, but malnutrition could
not be directly tied to the growth abnormalities. One of
the reasons is that abnormalities of growth have been ob-
served in nourished HIV-infected children.

The results of the study by Johann-Liang et al. (26)
demonstrated that total energy expenditure by HIV-in-
fected children does not differ from energy expenditure
of noninfected children. They found that a hypermetabolic
state is not the basis for the growth impairment observed
in HIV-infected children. Arpadi et al. (45) assessed
whether elevated resting energy expenditure (REE) might
contribute to the poor growth observed in HIV-infected
children. In contrast to studies performed on HIV-infected
adults, in which increased REE was observed, children
with HIV-associated growth failure tended to have re-
duced levels of energy expenditure compared with chil-
dren with normal growth rates.

We have measured serum and cerebrospinal fluid
(CSF) levels of tumor necrosis factor (TNF) in children
with HIV infections and without progressive encephalop-
athy (PE). We found that neither serum nor CSF levels of
TNF were correlated with the degree of cachexia (wast-
ing) in these children. Serum but not CSF TNF levels
were increased in the children who had PE (46).

Miller et al. (47) studied the effect of protease inhib-
itors (PI) on growth and body composition in HIV-in-
fected children. Sixty-seven HIV-infected children were
evaluated for a period of 2.4 years. At baseline, the chil-
dren were 1.2 SD below in weight and 1.4 SD below in
height. The study results reconfirm the finding that in chil-
dren treated with PIs there is a significant improvement
in weight, moderate improvement in weight-for-height,
and a borderline improvement in height. Furthermore,
there was a significant decrease of virus load and im-
provement of CD4 T lymphocyte count.

The increased use of PIs and highly active antiretro-
viral therapy (HAART) has reduced both short-term mor-
bidity and mortality in HIV-infected pediatric patients.
The virus is not eradicated from the body and therapy is
required for life. During the late 1990s there was a surge
of reports (48–51) describing the toxicities that have
emerged in adult patients who were treated with antiretro-
viral therapies, of which the most common is lipodystro-
phy syndrome (LDS). Lipodystrophy syndrome is char-
acterized by body composition changes, including the
development of an enlarged posterior cervical fat pad, in-
creased truncal adiposity, breast enlargement, peripheral
fat loss, and facial fat atrophy. This syndrome is also char-
acterized by insulin resistance, hyperglycemia, and hy-
pertriglyceridemia (52).

The cause of LDS remains controversial. Most stud-
ies, in adults, indicate that this syndrome is associated
with the use of PIs (48,51). On the other hand, there have
been some publications in which LDS has been described
in patients not taking PIs and not treated with HAART
protocols (53). Publications documenting prevalence of
the syndrome have been conflicting as well. Some authors
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report a prevalence of 83% in patients taking PIs (54), yet
others report a prevalence of only 12% (55). Lipid ab-
normalities are common and they constitute part of the
syndrome. Papadopoulos et al. (56) demonstrated that hy-
pertriglyceridemia is more common than hypercholester-
olemia.

Hypertriglyceridemia has been described commonly
in patients with AIDS, but it was found not to be related
to degree of wasting as measured by total body potassium
as an index of body cell mass (57). The role of cytokines
as potential mediators of the wasting syndrome was also
investigated. In AIDS, TNF and haptoglobin levels were
not increased, but interferon-alpha (IFN-alpha) and C-re-
active protein were. Levels of these cytokines, however,
were not related to plasma cholesterol, high-density li-
poprotein cholesterol, or free fatty acids. Plasma triglyc-
erides were correlated with IFN-alpha levels only. The
decrease in cholesterol and cholesterol-containing lipopro-
tein in AIDS precedes the appearance of hypertriglyceri-
demia and is unrelated to IFN-alpha or triglyceride levels
(58).

Arpadi et al. (59) studied LDS in children. They eval-
uated 28 prepubertal children and found that 8 of 28 had
extremity lipoatrophy with trunk fat accumulation. Lipo-
dystrophy was associated with the use of Stavudine (a
nucleoside reverse transcriptase inhibitor) or PIs. How-
ever, no information was available about whether these
children had insulin resistance or increased risk of cardio-
vascular disease due to hypertriglyceridemia, similar to
the presentation in adults. Wedekind and Pugatch (60)
have observed this syndrome in three HIV-infected chil-
dren. The patient they describe is an 8-year-old girl who
was observed to have thinning of the extremities and an
increase in abdominal girth.

Rietschel et al. (61) studied growth hormone dynam-
ics in 21 HIV-infected subjects with lipodystrophy, 20
HIV-infected subjects without lipodystrophy, and 20
healthy controls. Subjects underwent an extensive meta-
bolic and endocrine work-up that included lipid profiles,
measurement of hemoglobin A1C (HgbA1C), free testos-
terone, viral load and CD4 cell counts, and urine free cor-
tisol levels. Participants also underwent OGTT, GH sam-
pling every 20 min from 2000 h to 0800 h to determine
the IGF-1 axis. The body mass index (BMI) and age were
similar between the subgroups; viral load and CD4 cell
count were not significantly different between groups. No
significant differences were observed in HgbA1C, fasting
glucose, and urine free cortisol; free testosterone was nor-
mal in the lipodystrophy group and was found not to
differ significantly from the control group. However,
high-density lipoproteins (HDL) were decreased and tri-
glycerides and cholesterol were increased in patients with
lipodystrophy compared to the other two groups. Insulin
area under curve was increased as well in the lipodystro-
phy group compared to the other two groups. Findings
regarding GH parameters were as follows: mean overnight

GH concentrations, basal GH concentrations, and pulse
amplitude were reduced in the lipodystrophy group,
whereas GH pulse frequency did not differ among the
three groups. Using a cutoff response of normal GH re-
sponse to stimulation of 3 ng/ml, 33% of lipodystrophy
group demonstrated GH response below cutoff, 10% of
control had such a value, and the group of HIV-infected
without lipodystrophy had 0 subjects. This study links re-
duced GH dynamics with increased visceral adiposity in
lipodystrophic men infected with HIV.

Publications supporting the use of GH in adults have
raised the question of whether HIV-infected adults with
lipodystrophy would benefit from GH therapy. Lo et al.
(62) evaluated eight men with HIV-associated visceral ad-
iposity. The men were on a daily dosage of 3 mg GH for
6 months. At 6 months there was a significant decrease in
posterior cervical fat pad, visceral adipose tissue, and an
increase in lean body mass (63–65).

Helle et al. (66) evaluated the relation of immune
parameters, virus load, clinical stage, and wasting to sev-
eral parameters of the IGF system in 76 patients with HIV,
of whom 37 had developed AIDS. IGF-binding protein-2
and IGF-binding-protein-3 protease activity were in-
creased in subjects with AIDS compared with other HIV-
infected individuals and controls. These parameters cor-
related positively with virus load and TNF-alpha and
negatively to CD4 and CD8 cell counts. IGF-2 was de-
creased in AIDS patients compared to HIV-infected indi-
viduals and controls. Furthermore, AIDS patients with
wasting had lower IGF-2 levels and higher IGF-binding-
protein-2 levels than other AIDS patients.

In conclusion, HIV infection does affect growth either
prenatally (low birth weight, length) or postnatally. Some-
times the effect of HIV infection can become apparent
only later in childhood. Results of studies are sometimes
conflicting because of differences in study protocols, med-
ications, and treatment strategies, and due to variability
among the manifestations of HIV infection in individuals.
Pediatricians need to be aware that a child who is failing
to grow normally might have a chronic condition such as
HIV infection. Furthermore, with the advances in treat-
ment, HIV is becoming a chronic disease with major en-
docrine effects on growth. Pinto et al. (67) report two
HIV-infected prepubertal children who were treated with
growth hormone for 3 years. In one child height increased
from �3.6 SD to �2.0 SD below the mean and in the
second child height increased from �4.7 SD to �1.9 SD.

Studies in adults are not always applicable to the spe-
cial considerations that need to be addressed in the pedi-
atric population. Future research and advances in the field
may unmask the whole spectrum of HIV infection and its
effect on growth and development.

III. ADRENAL FUNCTION

In patients with HIV infections, the adrenal gland has
been a frequently studied endocrine organ. Earlier studies
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concentrated on pathological evaluations of adrenal gland
involvement in autopsy specimens. More recently, in vivo
studies of adrenal function have been undertaken, but
mostly in adults.

Pathological studies have demonstrated frequent in-
volvement of the adrenal glands, most commonly by op-
portunistic infection, such as Cytomegalovirus (CMV),
Mycobacterium, cryptococci, Toxoplasma, and Pneumo-
cystis. Neoplasms, such as lymphoma and Kaposi’s sar-
coma, have also been shown to affect the adrenal glands.
The frequency of adrenal gland involvement on autopsy
material varies from 36 to 90% (68–76). A pattern of
adrenal gland involvement with the medulla being the site
of primary involvement and with areas of focal and gen-
eralized hemorrhage affecting both medulla and cortex in-
itially described by Reichert et al. (68), has been repeat-
edly reported ever since. The adrenal gland is the most
common extrapulmonary site of CMV infection (70).

Glasgow et al. (73) found CMV adrenalitis in 21 of
41 cases examined and widespread lipid depletion in most
cases (a nonspecific finding on autopsies of critically ill
patients). The adrenal cortical involvement was limited to
10% of the cortex in most, and fewer than 70% of all,
cases. In an attempt to establish clinicopathological cor-
relation, 32 cases were also analyzed for signs and symp-
toms of adrenal insufficiency. Common findings were hy-
ponatremia (75%), hypotension (34%), hypokalemia
(19%), hyperkalemia (16%), vomiting, diarrhea, and fever
(percentage not specified). No patient had hyperpigmen-
tation. Morning levels of serum cortisol were normal or
elevated in five of five patients. One of two patients tested
had a subnormal increase in cortisol after ACTH infusion.
Despite significant pathological adrenal abnormalities, no
clinical adrenal insufficiency was documented. The degree
of adrenal cortical damage seen was considered less than
that usually associated with adrenal insufficiency.

Pulakhandman and Dincsoy (77) found CMV infec-
tions in half of 74 autopsied cases of AIDS. Of those 37
cases, the adrenal gland was most commonly affected of
all organs (84%) compared with the lungs being affected
in 55% of cases. CMV inclusions were found in endothe-
lial, cortical, and medullar cells. The CMV adrenalitis was
diffuse in 10 cases and focal in 20. Analysis of the clinical
data in 30 subjects revealed no findings related to the ad-
renal pathology, with the possible exception of serum so-
dium–potassium ratio of less than 30 in those with more
severe adrenal pathology.

Adrenal function has been among the most com-
monly studied clinical endocrine parameters. Many of the
signs and symptoms characteristic of adrenal insufficiency
are seen in severely ill patients with HIV infections. How-
ever, definite adrenal insufficiency is rare in subjects with
AIDS. The results of many studies of adrenal function in
subjects with AIDS vary depending on the nature of the
subjects studied, the severity of the disease, the concom-
itant intercurrent illnesses and medications to which they

are exposed, and the means of adrenal testing: baseline or
stimulated levels of glucocorticoids and/or ACTH.

Most studies of adrenal function were performed in
adults with HIV infections. Early reports documented both
normal and diminished cortisol responses to ACTH in pa-
tients with AIDS (78–82). Membreno et al. (83) studied
74 randomly selected hospitalized patients with AIDS and
19 patients with AIDS-related complex (ARC). Based on
subnormal cortisol responses to ACTH stimulation, four
patients with AIDS were diagnosed as having adrenal in-
sufficiency. Mean basal cortisol levels were higher in pa-
tients with AIDS than in healthy individuals, but ACTH-
stimulated cortisol responses were not different from
normal. However, stimulated levels of 17-deoxysteroid
levels (corticosterone and 18-OH-deoxycorticosterone
[18-OHDOC]) were lower than normal. Patients with
ARC responded in similar manner to those with AIDS.
Based on these findings the authors suggested that im-
paired 17-deoxysteroid levels, especially 18-OHDOC,
might be a ‘‘harbinger of progressive adrenal disorder.’’
Plasma ACTH levels were normal in patients with adrenal
insufficiency, suggesting a possible pituitary defect in
these patients. Administration of the hypothalamic factor
corticotropin-releasing hormone (CRH) resulted in sub-
normal 18-OHDOC responses in two patients. The authors
advanced the hypothesis that HIV pituitary infection could
lead to selective hypopituitarism and hypoadrenalism,
with subsequent HIV adrenal infection leading to com-
plete adrenal insufficiency.

Dobs et al. (84) reported normal cortisol responses to
ACTH in 36 of 39 ambulatory patients with AIDS. Mer-
enich et al. (85), although finding no clinical evidence of
endocrine disorder, reported lower baseline cortisol and
aldosterone and ACTH-stimulated cortisol levels in 40
symptomatic HIV-infected men compared with 27 HIV-
infected age-matched control subjects; 1 patient had low
cortisol and also low ACTH-stimulated aldosterone levels.

HIV-infected subjects have been reported to have
lower responses in cortisol and/or ACTH to cold stress
(86) or tetanus toxoid administration (87). Several inves-
tigators, however, have reported elevated baseline levels
(88–90) or 24 h secretion (91) of cortisol and/or ACTH.

Catania et al. (92) compared propiomelanocortin-de-
rived peptides and cytokines in 80 patients with AIDS and
in 80 normal subjects. Average plasma alpha-melanocyte-
stimulating hormone levels were higher in the AIDS pa-
tients, but mean levels of cortisol, ACTH, beta-endodor-
phins, interleukin-1 (IL-1), IL-6, and tumor necrosis factor
were not different between the two groups.

In a prospective study of 98 HIV-infected patients
Raffi et al. (93) found only 4 patients with low baseline
and 7 with low ACTH-stimulated cortisol levels. Only two
were believed to have adrenal insufficiency.

Eledrisi and Verghese (94) described three patients
with AIDS who had clinical features suggestive of adrenal
insufficiency, with a normal ACTH stimulation test. Fol-
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lowing repeat testing, the diagnosis of adrenal insuffi-
ciency was made in one of the patients. The other two
cases required the overnight metyrapone test to confirm
the diagnosis. All three patients showed an improvement
in their clinical condition following glucocorticoid ther-
apy. Adrenal insufficiency can be a complication of HIV
infection, and health care professionals should have a high
index of suspicion of subtle adrenal dysfunction.

To explain further the effect of HIV infection on the
hypothalamic–pituitary–adrenal (HPA) axis, Azar and
Melby (95) administered ovine CRH (oCRH) to 25 am-
bulatory HIV-infected patients without AIDS and 10 nor-
mal volunteers. Six patients had diminished cortisol and
ACTH responses to CRH, 6 had low cortisol and normal
ACTH responses, and 13 had normal cortisol and ACTH
responses. They suggested enhanced hypothalamic CRH
production in HIV infections as a possible explanation for
their results. Complex interaction between the immune
and HPA axis, mediated by cytokines and perhaps lym-
phocyte-produced ACTH, has been postulated by some to
explain the mechanisms by which HIV infections may af-
fect adrenal function (96,97).

Hyponatremia has been reported in 30% to more than
50% of hospitalized patients with AIDS (98). In most pa-
tients, however, the hyponatremia has been thought to be
caused by renal and/or gastrointestinal losses and the syn-
drome of inappropriate secretion of antidiuretic hormone
(99–101). Hyporeninemic hypoaldosteronism (102) and
also mineralocorticoid deficiency have been reported in
patients with AIDS (103). However, the adrenal mineral-
ocorticoid pathway is normal in both the baseline and
ACTH-stimulated states in most HIV-infected patients
(88,93).

Serum levels of dehydroepiandrosterone have been
reported to be decreased in HIV-infected patients, to cor-
relate with CD4 levels, and to be a reliable predictor of
the progression of HIV infection to AIDS (104–107).

Norbiato et al. (108) reported nine patients with AIDS
and characteristic clinical features of adrenal insufficiency
with elevated cortisol levels, suggesting resistance to glu-
cocorticoids by abnormal glucocorticoid receptors on lym-
phocytes.

In children with symptomatic HIV infections (n =
28), we measured morning serum cortisol levels and
found that the lowest levels occurred in those with the
lowest CD4 levels. ACTH tests performed on two children
with the lowest cortisol levels were normal, suggesting
normal adrenal glucocorticoid function. In several ill chil-
dren with AIDS suspected of having adrenal insufficiency,
we found normal baseline cortisol levels in all. In four
subjects ACTH-stimulated cortisol responses were nor-
mal, excluding the diagnosis of adrenal insufficiency
(27,109).

Oberfield et al. (110) found normal or slightly ele-
vated baseline and ACTH-stimulated cortisol levels, with
mildly diminished stimulated serum deoxycorticosterone
and corticosterone levels in 12 HIV-infected children, 2

of whom were receiving ketoconazole, a drug known to
inhibit adrenal function. Laue et al. (30) reported normal
cortisol response to ACTH in eight of nine children with
AIDS; the 1 patient with a subnormal response was re-
ceiving treatment with ketoconazole. Schwartz et al. (31)
found normal cortisol responses to glucagon stimulation
in 12 of 12 HIV infected children.

IV. THYROID

During the course of HIV infections, the thyroid gland
has been reported to be affected either directly or indi-
rectly. The mechanisms that can contribute to thyroid
gland involvement include infections (111,112), neoplastic
processes (113), changes in thyroid hormone secretion and
binding (114–116), and drugs used to treat HIV-infected
patients (117–119).

In autopsy specimens, thyroid pathology has been de-
scribed in 10–14% of cases analyzed. Cytomegalovirus
inclusions, Kaposi’s sarcoma, and cryptococcal infections
in the thyroid have been reported (70–72,111,119). Fine-
needle aspiration of an area of decreased thyroid uptake
in an individual with biochemical but not clinical evidence
of hypothyroidism revealed Pneumocystis carinii infec-
tion (112). Following antibiotic therapy, the goiter de-
creased in size and thyroid function tests became normal.

Clinically significant evidence of hypothyroidism in
individuals with HIV disease has been rare. However,
many reports have attested to altered biochemical param-
eters of thyroid function in subjects with HIV infections,
especially AIDS. The incidence of clinical or subclinical
hypothyroidism in studies of large series of patients was
as low as 1% (114,115). The most consistent abnormali-
ties described have been low levels of triiodothyronine
(T3), especially in the more severely ill patients, and el-
evated levels of thyroxine-binding globulin (TBG)
(85,114–116,120–124). The lowering of serum T3 levels
suggested biochemical thyroid picture noted in ill patients
with nonthyroid disease. Some authors have correlated
low T3 levels with severity of the critical illness and mor-
tality among hospitalized patients with AIDS (120,122).
In a minority of patients with symptomatic HIV infec-
tions, exaggerated TSH responses to thyrotropin-releasing
hormone (TRH) administration have been reported, sug-
gesting a so-called hypothyroid-like regulation of the hy-
pothalamic–pituitary–thyroid axis in subjects with stable
HIV infections (85,123).

Blethen et al. (125) studied the effect of perinatally
acquired HIV infection on thyroid function (Table 5).
They evaluated 53 children born to HIV-infected mothers
and 17 healthy controls. T4, T3, TSH, and TBG levels
were obtained from prepubertal healthy controls and the
HIV-infected children. The group of HIV-infected was or-
ganized into subgroups according to the CDC criteria. Of
the 53 children, 16 had maternally-derived antibodies to
HIV and no evidence of HIV infection (13 of them sero-
reverted), 6 were HIV antibody positive, 8 were HIV
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Table 5 Thyroid Abnormalities Observed in HIV-Infected Children

Reference N Diagnosis T4 (FT4) T3 (TT3) TSH TBG

132 53 23/53: AIDS Increased in 9% Low in 9% Increased in 22% Increased in 44%
33 9 HIV-positive NA NA NA Increased in 100%

134 56 Perinatal HIV FT4: decreased TT3: decreased Increased Increased

NA, not available.

antibody positive with nonspecific symptoms such as fe-
ver or ‘‘failure to thrive,’’ and 23 were classified with
AIDS. In the subgroup of children with AIDS, 15 of 23
had at least one measure of thyroid function outside of
the normal range for healthy children. The abnormalities
observed were elevated TBG in 10, elevated TSH in 5
(none of these children had goiter or antithyroid antibod-
ies), low T3 in 2, and elevated T4 in 2. In the subgroup
of P1 and P2, only two patients had abnormal thyroid
levels, and each was acutely ill at the time. The findings
of this study differ from what is known in HIV-infected
adults in two aspects. First, in stage P1 and P2 TBG levels
remain normal, whereas in adults TBG are higher even at
stage P1 (120). Second, in adults the increase in TBG is
followed by an increase of T4. In children with AIDS, T4
levels were not increased compared to healthy children or
to other HIV-infected children.

The presence of antithyroid autoantibodies in peri-
natally HIV-infected children was evaluated by Fundaro
et al. (126) in 80 children: 58 born to HIV-infected moth-
ers and 22 healthy children. Eighteen of 58 children born
to HIV-infected mothers seroreverted and 40 children re-
mained seropositive and were classified according to the
CDC clinical criteria: 7 asymptomatic (stage N), and 33
symptomatic (stage A, B, C). In this study they evaluated
T3, T4, TSH, free T3 (FT3), FT4, TSH, antithyroglobulin
autoantibodies (TGAb), and antithyroid peroxidase auto-
antibodies (TPOAb). None of the children had either clin-
ical symptoms of thyroid disease or enlargement of the
gland at the time of the study. Of the symptomatic chil-
dren 34% were TgAb-positive and all were TPOAb-neg-
ative. Antibodies were not found in any of the asympto-
matic children, seroreverted subjects, or healthy controls.
The finding of autoantibodies was not correlated with
worsening immune stages and was not associated with
clinical signs or symptoms of thyroiditis. Increased TSH
values were observed more frequently in the symptomatic
HIV-infected children. When this group was subclassified
according to immune status, a positive correlation was
found between immune status and TSH values. High TSH
values were found more frequently in the stages with
moderate or severe immunosuppression. In the healthy
control group there was no increase of TBG, but an in-
crease of TBG was observed in 68% of HIV-infected chil-
dren.

Chiarelli et al. (127) studied retrospectively 109 pre-
pubertal children (56 children with perinatal HIV infection

and 53 healthy age-matched children) for the following:
total T4 (TT4), FT4, total T3 (TT3), FT3, reverse triio-
dothyronine (rT3), TSH, thyroglobulin (TG), TBG,
CD4� cell counts, and viral load, as well as antibodies:
antithyroglobulin, antimicrosomal, thyroid peroxidase,
and thyrotropin receptor. They found that TT3, TT4, FT4,
and TG were significantly reduced in children with HIV
infection when compared with controls, and that rT3,
TBG, and TSH were increased. In all determinations au-
toantibodies were negative in the HIV-infected children.
Their findings suggest that thyroid dysfunction precedes
the worsening of the clinical course of the disease in HIV-
infected children. Thyroid dysfunction correlates with dis-
ease severity and it can be observed early in the course
of perinatal HIV infection.

We observed one child with AIDS and evidence of
primary hypothyroidism in whom treatment with replace-
ment doses of thyroid hormone resulted in improvement
in growth velocity (128). In children with symptomatic
HIV infections we noted transiently abnormal thyroid
function test results in 3 of 20 patients. Serum levels of
T3 and free thyroxine did correlate with an index of
weight retardation: chronological age minus weight age
(27). Hypothyroidism in one of nine short children with
AIDS, along with elevated TBG levels in all nine, and
evidence of possible central hypothyroidism (based on
timed hourly TSH measurements), were reported by Laue
et al. (30). Among 12 clinically and biochemical euthyroid
children with AIDS, Schwartz et al. (31) reported elevated
TSH responses to TRH in 5.

The results of the Hemophilia Growth and Develop-
ment Study (40) revealed that in 99% of 321 subjects,
including HIV-negative and HIV-positive subgroups, thy-
roid function tests (T4, T3, TSH) were normal for age.
Subtle abnormalities of thyroid function were not inves-
tigated in this study, but even in HIV-positive boys with
growth abnormalities thyroid function was normal for age.
In conclusion, thyroid function can be altered in the
course of HIV infection. The results from the different
studies are somewhat inconsistent. The most common
findings were decreased T3 and elevated TBG values.

V. GONADS

The vast majority of information regarding gonadal func-
tion in HIV-infected individuals is from studies performed
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in adult men and women and from autopsy material de-
rived from adult men. Reports have included normal (68)
to atrophic testicular volume (70–72), as well as evidence
of infiltration by CMV (68,70,129), Kaposi’s sarcoma
(68), toxoplasmosis (129,130), tuberculosis (130), retro-
virus-like particles (131), and neoplasm (132). On histo-
logical examination, the testes exhibit evidence of peri-
tubular fibrosis, arrest of spermatogenesis, germ cell
degeneration and loss of seminiferous tubules and base-
ment membranes, epididymal obstruction, prostatic inclu-
sion, and Leydig cell atrophy (68,70–72,133–137). The
presence of focal HIV-associated proteins, such as HIV
P17, was documented by anti-HIV P17 monoclonal anti-
bodies in testes and prostate (136). The possibility of im-
mune-mediated gonadal destruction was not substantiated
in one study in which immune complex deposits were
found not to be increased in the testes of homosexual
AIDS patients compared with those of a control group of
heterosexual men without AIDS (135).

Studies of the effects of HIV infection on hypotha-
lamic–pituitary–gonadal function have been performed
mostly in adult men. Most have shown some degree of
hypogonadism, especially in the most severely affected
individuals. Conflicting data exist regarding the causes of
the hypogonadism as primary, gonadal, or hypothalamic–
pituitary in origin. Clinical evidence of hypogonadism as
reflected by a history of decreased libido and impotence
was reported in 28 of 42 and 14 of 42 ambulatory patients
with AIDS, respectively (84). Of the HIV-infected men,
38% had low serum testosterone levels, the majority hav-
ing low baseline serum gonadotropin levels. Human cho-
rionic gonadotropin stimulation in two men resulted in
normal testosterone responses, attesting to a normal tes-
ticular ability to produce testosterone. In seven of eight
men, gonadotropin-releasing hormone (GnRH) stimula-
tion resulted in normal gonadotropin responses, suggest-
ing that the gonadal dysfunction was hypothalamic in or-
igin. In contrast, Croxson et al. (138) described low
testosterone levels accompanied by high levels of LH and
follicle-stimulating hormone (FSH) in patients with AIDS,
suggestive of the diagnosis of primary hypogonadism.

Rietschel at al. (139) investigated the prevalence of
hypogonadism in HIV-infected men receiving HAART, or
PI, nucleoside reverse transcriptase inhibitor, or nonnu-
cleoside reverse transcriptase inhibitor compared to
healthy controls. The prevalence of hypogonadism was
�20% in all medication groups. Testosterone levels and
free testosterone levels were not different between the
groups.

Decreased basal and also mean 24 h plasma testos-
terone levels have been reported by some (93,110). One
study has documented elevated free testosterone levels
and exaggerated LH responses to GnRH (85). Martin et
al. (140) reported that HIV-positive patients had 39–51%
higher levels of sex-steroid-binding proteins than HIV-
negative control subjects. Isolated LH deficiency (141)
and transient gynecomastia (142) have been described.

Grinspoon and others (144,146) have studied hor-
monal changes in patients with HIV infection and lipo-
dystrophy. In men with lipodystrophy, with hypogonad-
ism, it has been shown that the administration of
testosterone led to improvements in lean body mass, in-
dexes of insulin sensitivity, and the sense wellbeing. HIV-
infected women with lipodystrophy have increased andro-
gen levels (147). Thirty-nine women were evaluated: 9
HIV-positive with lipodystrophy, 14 HIV-positive without
lipodystrophy, and 16 healthy age- and BMI-matched
women served as controls. Total testosterone and free tes-
tosterone levels were increased in the HIV-positive group.
Sex-hormone-binding globulin levels were not signifi-
cantly different between the HIV-positive group and con-
trol, but were significantly lower in the lipodystrophic
group than in the HIV-positive patients without lipodys-
trophy.

Gonadal function has not been systematically inves-
tigated in children with HIV infections. Gertner et al. (39)
documents pubertal delay accompanied by bone age delay
in HIV-positive poorly growing boys with hemophilia. de
Martino et al. (148) studied the onset of puberty and its
progression in 212 (107 girls; 105 boys) children with
perinatal HIV infection. The age of onset of puberty in
girls was delayed by about 2 years and 12–15 months
in boys. The progression of puberty was also prolonged
in both girls and boys. More studies are needed to identify
and examine gonadal function in children of all ages with
HIV infections.

VI. PANCREAS

Anatomical evidence for pancreatic involvement by HIV
or associated organisms has been more common than clin-
ical evidence of either exocrine or endocrine pancreatic
deficiencies (149).

Pancreatic lesions as a result of HIV, CMV, toxo-
plasmosis, Kaposi’s sarcoma, lymphoma, and pancreatitis
have been reported in autopsy material in approximately
half of the patients with AIDS. The most frequent damage
to the pancreas in AIDS patients is drug-induced, espe-
cially by the nucleoside analog Diadanosine (DDI) and
pentamidine used for prophylaxis of Pneumocystis carinii
(71,72,150). Clinical correlation in one of these studies
(150) revealed no evidence of hyperglycemia. One report
described the development of insulin-dependent diabetes
mellitus in two HIV-infected, drug-addicted subjects in
whom neither anti-insulin nor anti-islet-cell antibodies
were detected (151). In most HIV-infected patients normal
glucose levels were found (84). Hommes et al. (152) used
the euglycemic clamp technique to measure insulin sen-
sitivity and clearance in 10 HIV-infected stable patients
and 10 healthy control subjects. They found increased
rates of insulin clearance and increased peripheral tissue
sensitivity in the HIV-infected men.
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Chehter et al. (153) conducted a prospective study of
109 postmortem AIDS patients and 38 controls. Pancreatic
involvement was observed in 91% of the cases, but none
was symptomatic. The changes, based on morphological
characteristics, had no correlation with clinical or labo-
ratory features.

Sentongo et al. (154) studied the association among
steatorrhea, growth, and immunological status in children
with perinatally acquired HIV infection. They postulated
that the steatorrhea observed in HIV-infected children was
due to exocrine pancreatic insufficiency (EPI). In their
sample of 44 children with perinatally acquired HIV in-
fection, there was a high prevalence of steatorrhea (39%)
that was neither secondary to EPI nor associated with im-
paired growth, HIV RNA virus load, CD4 status, or the
type of antiviral regimen used. The clinical significance
of steatorrhea remained unclear.

Clinical presentation of acute pancreatitis in HIV-in-
fected patients is similar to that of immunocompetent pa-
tients. Evidence of pancreatitis has not generally been re-
ported, although Zazzo et al. (155), in a prospective study
of 35 consecutive patients with AIDS admitted to an in-
tensive care unit, found evidence of acute pancreatitis with
elevated levels of amylase and lipase in 16. Of these pa-
tients, eight died and had documentation on autopsy of
pancreatic infection by CMV, Candida, and cryptococci.
Because of the lack of sufficient clinical warning signs of
pancreatitis, the authors suggest laboratory measurements
of amylase and lipase in critically ill HIV-infected pa-
tients. Pancreatitis has also been reported in one 3-year-
old HIV-positive child (156,157).

Miller et al. (158) reported that 9 of 53 children with
AIDS developed acute pancreatitis during a 6 year period.
The risk of pancreatitis was greatest in patients who re-
ceived pentamidine and had CD4 counts <100 cell/mm.

In conclusion, the most consistent finding in acute
pancreatitis in HIV-infected patients is serum amylase and
lipase values greater than three times the upper limit of
normal (157).

VII. PARATHYROID

Lesions of the parathyroid glands have been reported in
autopsy studies (70,72), but parathyroid dysfunction has
been reported extremely infrequently. Hypercalcemia with
low serum levels of parathyroid hormone and calcitriol
has been described in two patients with AIDS and dissem-
inated CMV infection (159). The hypercalcemia improved
with calcitriol treatment in one patient. It was postulated
by the authors that the hypercalcemia might have been
caused by increased osteoclast-mediated bone resorption
resulting from disseminated CMV infection with accom-
panying renal insufficiency. Six patients with AIDS-as-
sociated lymphoma were found to have hypercalcemia (n
= 4) or hypercalcuria (n = 2), presumably because of the

deregulated synthesis of a compound such as 1,25-dihy-
droxyvitamin D (160).

Aukurst et al. (161) report that HIV patients with ad-
vanced clinical disease have a decreased or normal serum
calcium, decreased PTH, and decreased serum 1,25-(OH)
2D. They also found a decrease of osteocalcin and ele-
vated C-telopepetide level. These findings suggest that
during advanced HIV-related disease there is a disturbance
of bone metabolism. This disturbance was correlated with
increased activity of the TNF system. Patients with ad-
vanced HIV-related disease receiving HAART therapy had
a marked rise in serum osteocalcin. This finding suggests
a synchronization of the bone remodeling process during
the HAART therapy. It is unclear whether the benefit is
due to the HAART, the decrease of TNF, or decreased
viral load.

VIII. PROLACTIN

Because of the potential immune-regulatory property of
prolactin (162,163), serum prolactin levels were studied
in HIV-infected individuals. Compared with HIV-negative
homosexual, bisexual, or heterosexual controls, serum
prolactin levels were normal in HIV-infected men, includ-
ing those with AIDS (164,165).

Hutchinson et al. (166) reported four women with
galactorrhea and hyperprolactinemia as an isolated endo-
crine abnormality following use of PIs. The mechanism
underlying these findings is unclear, yet it is known that
the use of PI has been linked to other endocrine abnor-
malities such as hyperlipidemia, diabetes mellitus, and in-
sulin resistance.

IX. HYPOTHALAMUS AND PITUITARY

The effects of HIV infections on the central nervous sys-
tem have been the subjects of numerous reports (167).
Nevertheless, specific pathological documentation of le-
sions in the hypothalamus or pituitary of affected individ-
uals has been rare. So-called panhypopituitarism second-
ary to toxoplasmosis (168) and posterior pituitary lesions
in HIV-infected children with disseminated CMV (76)
have been reported.

Yanovski et al. (169) postulated that the increase of
abdominal adipose tissue found in HIV-infected subjects
treated with PIs could be due to abnormalities in adrenal
function. They designed a study to evaluate the HPA, in
HIV-infected men and women receiving the PI regimen,
patients with Cushing syndrome, and healthy controls. Pa-
tients on the PI regimen had normal diurnal cortisol se-
cretion, cortisol secretory dynamics after oCRH, cortisol-
binding globulin levels, and glucocorticoid number and
affinity. The abnormalities noted were increased basal and
CRH-stimulated plasma ACTH and 24 h urinary 17-
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OHCS excretion, and decreased urinary free cortisol. The
study design did not include any HIV-infected patients
who were not receiving PI treatment; therefore the
changes observed, although coinciding with PI treatment,
could not be solely ascribed to the use of PI. They sug-
gested that the increased intra-abdominal adiposity, dys-
lipidemia, and insulin resistance without total body weight
gain was a distinct yet undefined form of hypercortisolism
unrelated to HPA axis.

Evidence of specific hypothalamic–pituitary dysfunc-
tion in endocrine organs was reviewed in previous sec-
tions.

X. ENDOCRINE ALTERATIONS
SECONDARY TO TREATMENT

In HIV-infected children and adults, the effects of the var-
ious treatment regimens employed may also cause endo-
crine dysfunction. These effects must be separated from
endocrine defects caused by HIV and related opportunistic
infections.

Hypothyroidism has been reported as a result of drugs
that affect cytochrome P450 enzyme systems, such as ke-
toconazole (117,170) and rifampin (118), as well as in-
terferon treatment (171,172).

Hypoadrenalism may result from ketoconazole (173–
175) or rifampin (176,177) treatment. Hypogonadism and
gynecomastia in men have also been noted during keto-
conazole treatment (178,179). Hypoglycemia has been re-
ported in patients with AIDS treated with pentamidine
(180–183) and trimethoprim–sulfamethoxazole (184).
Hyponatremia has been associated with pentamidine (185)
and vidarabine (186) therapy. Hypocalcemic tetany sec-
ondary to magnesium loss has been noted during ampho-
tericin B and aminoglycoside treatment (187). Hyperka-
lemia was reported in a patient with AIDS to be a result
of the sodium channel inhibitory effects of trimethoprim
(188).

With the increased use of PI in the treatment of HIV-
infected adults, a number of studies have reported LDS
and hyperinsulinemia (49,50,54,55). It is unclear whether
or how PI treatment causes LDS and hyperglycemia. Ha-
digan et al. (189) reported hyperinsulinemia and increased
truncal adiposity in HIV-infected men receiving a nucle-
oside reverse transcriptase protocol who were not receiv-
ing PI therapy. They found that testosterone replacement
in hypogonadal men improved insulin sensitivity.

There are some reports in the literature on the devel-
opment of diabetes mellitus in HIV-infected individuals
(190–192). Abdel-Khalek et al. (191) reported new-onset
diabetes mellitus in an 18-year-old girl with HIV. She pre-
sented with polydipsia and polyuria with nonketotic hy-
perglycemia. Pancreatic islet cell antibodies were negative
and she had normal basal C-peptide levels, normal serum
lipase and amylase, and normal BMI. She was treated in-
itially with 1.15–1.38 U/kg/day; her HbA1c at diagnosis

was 7.6%. Later, she had hyperglycemia with serum glu-
cose concentrations above 400 mg/dl and her HBA1c
value rose to 13.6%; she required an insulin dosage of
2.22 U/kg/d.

In another publication, Lee et al. (192) reported an
HIV-positive patient who presented with a random blood
glucose level of 493.2 mg/dl and a 3 week history of
polyuria, polydipsia, and polyphagia, with weight loss, fa-
tigue, weakness, and blurry vision. The patient had no
symptoms of infection at presentation. The patient was
treated with oral hypoglycemic agents and insulin. These
medications were discontinued gradually as his blood glu-
cose level declined. Significant decrease in blood glucose
values was observed when the patient discontinued all an-
tiretroviral medications. Overall, the incidence of diabetes
has not increased substantially. Some reports associate the
development of diabetes with the use of PI (190–192).
The likely explanation seems to be increase in insulin re-
sistance during PI treatment only (192).

XI. FUTURE HORMONAL THERAPY IN
HIV INFECTIONS

Considerable attention has focused on reversal of the
weight loss and wasting accompanying AIDS. Therapeutic
strategies have involved the use of appetite stimulants,
such as megesterol acetate; anticytokine-directed supple-
ments, such as dietary N-3 fatty acids; anabolic agents,
such as steroids and growth hormone; and metabolic in-
hibitors, such as hydrazine sulfate (193,194).

The most extensive experience with megestrol acetate
in adults has been summarized elsewhere (195–197).
Clarick et al. (198) evaluated 19 HIV-infected children (11
boys and 8 girls) with a median age of 89 months (range,
28–192) who were treated with megestrol acetate for a
median duration of 7 months (range, 3–11 months). Me-
gestrol acetate treatment led to significant weight gain
without linear growth acceleration.

Growth hormone and IGF-1 have been utilized in
HIV-infected patients. In a prospective double-blind clin-
ical trial, five patients each were assigned randomly to
treatment with GH at either 5.0 or 2.5 mg every other day
(199). Of the 10, 3 withdrew because of opportunistic
infections. In the remaining patients, all of whom also
received zidovudine, the higher dosages of GH reversed
the pretreatment weight loss by increasing lean body mass
and total body water, and decreasing total body fat and
urinary nitrogen excretion. Muscle power and endurance
also improved. Fasting plasma glucose, insulin, and C
peptide levels increased in all. CD4 cell counts did not
change. During treatment one patient became p24 antigen-
positive. The short-term beneficial effects were noted only
with use of the higher GH dosages.

In a short-term, carefully conducted clinical trial,
Mulligan et al. (200) administered GH, 0.1 mg/kg/day for
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7 days, to six HIV-positive men with an average weight
loss of 19% and six healthy HIV-negative subjects. Treat-
ment resulted in an increase in body weight, nitrogen re-
tention, increased energy expenditure, lipid oxidation, and
glucose flux, and decreased protein oxidation in both
groups. These short-term effects of increases in protein
anabolism and protein-sparing lipid oxidation, should they
be sustained during long-term treatment, were postulated
to result in increased total body cell mass.

Lieberman et al. (201) found that a single injection
of GH administered to 21 patients with AIDS resulted in
a smaller increase in IGF-1 than in 23 age-matched con-
trols, suggesting partial resistance to GH in AIDS. In 10
subjects low-dosage but not high-dosage IGF-1 adminis-
tration for 10 days resulted in only a transient anabolic
effect, as demonstrated by a transient increase in nitrogen
retention.

Waters et al. (63) studied 60 patients with AIDS wast-
ing receiving 1.4 mg GH once a day, 5 mg IGF-1 twice
a day, 5 mg IGF-1 twice a day and 1.4 mg GH once a
day, and a placebo group. At 6 weeks, lean body mass
increased and fat mass decreased in the groups receiving
GH, IGF-1, or both. The improvements observed persisted
at 12 weeks only in the group receiving GH and IGF-1
therapy. Ellis et al. (64) conducted a double-blind, pla-
cebo-controlled study in which 44 HIV-infected men re-
ceived GH/IGF-1 treatment and 22 HIV-infected men re-
ceived placebo treatment. The treatment group received
0.34 mg GH twice a day and 5.0 mg IGF-1 twice a day.
The study duration was 12 weeks. At 6 weeks, GH/IGF-
1 group had a significant increase in fat free-mass and a
substantial decrease in fat. At 12 weeks, the loss of fat
remained significant, whereas the increase in fat-free mass
was lost in many of the subjects. The loss of body fat was
not observed in the placebo group.

Lo et al. (62) studied the effect of 3 mg GH daily in
eight men with HIV-associated fat accumulation. In six
subjects who completed 6 months of study, GH treatment
decreased total body fat and increased lean body mass. At
1 month of treatment insulin sensitivity and glucose tol-
erance worsened, but these improved towards baseline by
6 months.

Several studies of GH treatment are underway. Pinto
et al. (67) reported two HIV-infected prepubertal children
who were treated with GH for 3 years. In one child height
increased from �3.6 SD to �2.0 SD below the mean and
in the second child height increased from �4.7 SD to
�1.9 SD.

Gonadal steroid hormone replacement has been used
with increasing success in HIV-positive patients. De-
creases in gonadal function have been widely reported in
adults. Men with AIDS had a significant reduction in tes-
tosterone secretion despite normal gonadotropin response
to testing.

Grinspoon et al. (144,146,202) report the beneficial
effect of exogenous testosterone administration for hy-

pogonadal men with lipodystrophy. Patients receiving
therapy had an increase in lean body mass, weight gain,
and a decrease in the incidence of depression. Overall,
their wellbeing, as measured by the Beck Depression In-
ventory, improved with testosterone replacement therapy.
In women, administration of a lower dosage of testoster-
one (150 and 300 �g/day) led to normalization of serum
testosterone levels, weight gain, and improvement in their
quality of life (203).

Studies are underway to evaluate the long-term com-
plications associated with PI therapy. As reported in other
sections, the LDS might be associated with progression
of atherosclerosis, cardiovascular disease, and complica-
tions that can be attributed to hyperinsulinemia. As the
management of HIV-infected individuals continues to im-
prove, we can look forward to newer, more innovative,
and specifically targeted interventions to address even the
hormonal dysfunction of these patients.

XII. CONCLUSION

From the initial description in the literature on June 5th,
1981, there have been many advances in the field of HIV/
AIDS. There have been numerous advances in the areas
of epidemiology, management, prevention, and prophy-
laxis of HIV disease globally. Much effort is currently
being focused on prevention strategies, with vaccines
playing a potentially pivotal role. Some phase III trials of
vaccines have already started. Yet HIV/AIDS continues to
spread. Reports indicate that rate of HIV infection from
heterosexual sex is soaring among US teenaged girls. Cli-
nicians need to promote intensive, focused, appropriate
HIV prevention efforts among adolescent women.

Endocrine effects of HIV infection are not often eas-
ily recognized by clinical signs and/or symptoms, or base-
line hormonal evaluation, or even stimulation tests. There-
fore, health care providers need to have a high index of
suspicion for possible endocrine abnormalities secondary
to HIV infection and/or its treatment. Persistent and care-
ful investigations may eventually disclose the endocrine
abnormalities, the treatment of which should improve pa-
tients’ quality of life.

The evaluation and treatment of endocrine alterations
in subjects with HIV infections will continue to become
an increasingly important clinical and investigational area
of pediatric endocrinology.
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I. INTRODUCTION

This chapter reviews pediatric hypertension caused either
by endocrine abnormalities or by mutations in genes mod-
ulated by endocrine systems. Endocrine-related hyperten-
sion has been thought to account for a minority of those
cases of childhood hypertension due to definable causes.
However, considering an endocrine cause whenever a
child presents with hypertension is mandatory, since cer-
tain identifiable conditions will otherwise be overlooked.
Delineating the pathogenesis and pathophysiology of hy-
pertension is particularly important in managing a child
or adolescent with elevated blood pressure; the more spe-
cific the diagnosis, the less the likelihood of prescribing
empirical and often futile regimens. The more focused
treatment can be, the less the risk of assigning a child to
nonspecific pharmacotherapy, with unknown long-term
effects, including those on growth and development.

II. NORMAL BLOOD PRESSURE AND
ITS DEFINITION

Hypertension is defined by levels above the 95th centile
for age, taking into consideration height and weight cen-
tiles as well. To facilitate categorizing blood pressure as
normal or elevated, the National Heart, Lung, and Blood
Institute (NHLBI) Task Force in Blood Pressure Control
in Childhood issued an update in 1996 that provides tables
according to height centiles (Table 1) (1–3). The Task
Force data, pooled from measurements in over 12,000 pe-
diatric subjects, is helpful as a guideline. But 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 (4–6).

If one suspects secondary hypertension, a problem in
interpreting an in-office blood pressure by norms is that

epidemiologically based normal blood pressure data do
not reflect what may occur in an abnormal state (5). For
example, if one looks at blood pressure measurements
among children and adolescents with renovascular hyper-
tension, as was done by Hiner and Falkner (6), one sees
that virtually all subjects have markedly elevated blood
pressure. Furthermore, the diurnal pattern of blood pres-
sure elevation in some forms of hypertension may be im-
portantly 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 (7–12).

III. CAUSES OF HYPERTENSION

As noted in the Second Task Force report (2), most pe-
diatric hypertension is not endocrine in nature, yet con-
sidering definable causes that are related to adrenal, thy-
roid, pituitary and other endocrine organs may identify a
cause for hypertension. 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 2a lists the most common causes of hyper-
tension in each childhood age group; Table 2b lists those
endocrine causes of hypertension most commonly seen in
children.

IV. COMPLICATIONS OF HYPERTENSION:
PATTERNS AND DIAGNOSIS

By the time a child is referred to a pediatric endocrinol-
ogist for evaluation of hypertension, it is likely that she
or he has already been assessed by a primary care phy-
sician, and, possibly, by other specialists such as a pedi-
atric cardiologist or nephrologist. Thus, some referrals
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Table 2a Most Common Causes of Hypertension in Each
Age Group

Age group Causes

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

6–10 years Renal parenchymal disease
(including structural, inflammatory
disease and tumors)

Renal artery stenosis
Primary hypertension

Adolescence Primary hypertension
Renal parenchymal disease

Source: Ref. 2.

Table 2b Endocrine Causes of Hypertension Seen in
Children

Congenital adrenal hyperplasia
11-�-hydroxylase deficiency
3-� hydroxysteroid dehydrogenase
17-�-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
PCOS/Metabolic Syndrome
Diabetes mellitus
Iatrogenic

Glucocorticoid
Calcium-phosphorus mediated
Catecholamine-mediated
Thyroid hormone mediated
Hormone replacement therapy

will be made for children who have findings in their his-
tory, physical examination, or laboratory data that specif-
ically suggest an endocrine cause of hypertension. Other
referrals, however, will be de novo, or will be children
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 suggest a familial
endocrinopathy associated with hypertension, the taking
of medications that would be associated with endocrine-
mediated hypertension (e.g., steroids or sympathomimetic
agents), or an endocrine diagnosis known to be associated
with hypertension (e.g., Turner syndrome). Physical ex-
amination will, of course, focus the evaluation further, in
that findings may clearly suggest a particular endocrine
diagnosis (clinical hyper- or hypothyroidism, Cushing
syndrome). The blood pressure should be determined in
both arms and one leg, and postural changes should be
noted. Blood pressure after exercise, as well as at several
points in the day, may also be helpful. Ambulatory blood
pressure monitoring (ABPM) may be helpful in assessing
circadian rhythm and particular patterns that could be as-
sociated 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 catecholamine-mediated
hypertension, glucocorticoid-related hypertension, or thy-
roid-mediated hypertension (which are discussed at length
in other chapters). Next, a plasma renin level, examined

together with a measure of sodium excretion and a plasma
potassium level, should provide a basis for a focused en-
docrine assessment (13–16). A high plasma renin level is
unlikely to be associated with endocrine hypertension, al-
though secondary aldosteronism will accompany renovas-
cular hypertension. If plasma renin activity or concentra-
tion is low, one should then consider an underlying
hormonal basis. As can be seen in Table 3, those forms
of low-renin hypertension that have been fully defined are
due to mutations on autosomal chromosomes and thus oc-
cur equally in males and females (16). Each will be con-
sidered in turn. It has been proposed that, in fact, many
more cases of so-called primary hypertension may be as-
sociated with partial defects in steroidogenesis or factors
that control steroid effects.

The diagnostic considerations include a variety of in-
herited disorders that have a very low plasma renin activ-
ity as a cardinal feature. These include steroid enzyme
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abnormalities, as well as abnormalities in transporters or
in modulating genes. Yiu et al. (13) developed an algo-
rithm for thinking about these entities, which are accom-
panied by low plasma renin activity (Fig. 1). 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.

V. STEROIDOGENIC ENZYME DEFECTS

As noted in Chapters 6 and 7, steroids are produced in
the adrenal cortex, which is divided into zones: the zona
glomerulosa (ZG, outer zone), zona fasciculata (ZF, mid-
dle zone), and zona reticularis (ZR, inner zone). Normally,
the ZG and ZF are functionally separate. Cortisol is syn-
thesized under the control of adrenocorticotropin (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 syn-
thesis of aldosterone. However, when any of the enzymes
that control cortisol biosynthesis is defective or acts ab-
normally, the feedback relationships between the hypoph-
ysis and the adrenal are interrupted, with a resultant in-
crease in plasma ACTH. Figure 2 depicts steroidogenesis,
indicating enzyme defects that can be associated with hy-
pertension, and Figure 3 indicates regulation of aldoste-
rone biosynthesis.

Congenital adrenal hyperplasia (CAH) is the general
term used to describe enzyme defects that can occur in
steroid biosynthesis, each causing a characteristic profile
of plasma and urinary steroids together with a specific
clinical manifestation (15,16). These defects all are auto-
somal recessive, have varying frequency, and have a spec-
trum of clinical manifestations. Any of the enzymes that
are part of the pathways of steroidogenesis may have a
mutation, most commonly 21-hydroxylase, not generally
associated with hypertension. Enzymes with mutations
that are associated with hypertension include (in order of
frequency) 11-� hydroxylase >> 3�-hydroxysteroid dehy-
drogenase>>>17�-hydroxylase and cholesterol desmolase.
A net salt-retaining propensity and hypertension occur in
patients with the 11-� hydroxylase and 3�-hydroxysteroid
dehydrogenase defects. It is also important to remember
that individuals with CAH may develop hypertension ow-
ing to overzealous replacement therapy.

A. Steroid 11-�-Hydroxylase Deficiency

Hypertension is one of the cardinal features of 11-� hy-
droxylase deficiency (16–21), as the abnormal adrenal
steroid pattern leads to mineralocorticoid excess, the phys-
iology of which includes decreased renal sodium excre-
tion with consequent volume expansion and hypertension.

The virilization seen in 11-�-hydroxylase deficiency and
its management are discussed at length in Chapters 6 and
7; virilization is universal in this condition. Unless the
mother is treated during pregnancy, an affected female
fetus will have ambiguous or masculinized external gen-
italia, owing to excess of adrenal androgens, while the
baby’s internal organs will be normal. After birth affected
males and females develop progressive penile or clitoral
enlargement, respectively, along with rapid somatic
growth. If appropriate treatment is not initiated, early clo-
sure of epiphyses will lead to short final stature.

Hypertension is common but not universal in 11�-
hydroxylase deficiency, usually noted in later childhood
or adolescence, and this hypertension often has an incon-
sistent relation to the biochemical profile (15,16). Hypo-
kalemia is only variably present, although it should be
remembered that potassium depletion and sodium reten-
tion may not be reflected by serum or plasma potassium
values, owing to shifts from intracellular 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 volume expansion. Further-
more, aldosterone production is decreased with relative
decrease in circulating potassium. However, in some cir-
cumstances, the characteristic findings of low renin and
elevated aldosterone have been absent (20,22–24).

Therapy of 11-�-hydroxylase deficiency should be
focused on normalizing steroids. Thus, glucocorticoid ad-
ministration will not only normalize cortisol function but
should also reduce ACTH secretion and levels to normal,
which should remove the drive for oversecretion of de-
oxycorticosterone (DOC). Such therapy usually cures the
hypertension (17). However, if hypertension is marked,
antihypertensive therapy should be used in this disorder
until good control of hypertension is obtained.

Variants of 11-�-hydroxylase deficiency have been
reported and likely relate to the several mutations that
can cause the syndrome. For example, Zachman et al.
(21) found an individual in whom 11�-hydroxylation
was inhibited for 17-�-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 mutations (22–26). A distinct hypotensive disorder,
called corticosterone methyloxidase type II, occurs when
a mutation affects CYP11B2 (aldosterone synthase). This
abnormality leads to a clinical problem of terminal al-
dosterone synthesis and thus is accompanied by salt
wasting and hypotension.

B. Steroid 17�-Hydroxylase Deficiency

The adrenals and gonads are both affected when the en-
zyme 17�-hydroxylase is abnormal, because a dysfunc-
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Figure 1 Low-renin hypertension algorithm. (From Ref. 13.)

tional 17� hydroxylase enzyme results in decreased pro-
duction of both cortisol and sex steroids (the production
of which requires the 17,20 lyase function of the same
enzyme) (16,17,28–30). An affected individual, irrespec-
tive of genetic sex, appears phenotypically female, and
puberty does not occur. In fact, diagnosis too often occurs
late: at puberty, when primary amenorrhea and lack of
secondary sexual characteristics are noted (16,17,28–30).
Another mode of presentation for affected children is with
the presence of an inguinal hernia. Patients are usually
both hypertensive and hypokalemic, owing to huge over-
production of corticosterone (compound B). The biochem-
ical aspects of these defects are described more com-
pletely in the chapters on CAH.

This rare type of hypertension was first described in
a female patient by Biglieri et al. (28), and then in a fem-
inized male by New (29), although it has since been de-
scribed in well over 100 patients (31–34). 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.

VI. PRIMARY ALDOSTERONISM:
ALDOSTERONE-PRODUCING
ADENOMA AND BILATERAL
ADRENAL HYPERPLASIA

Aldosterone-producing adenomas (APAs) are rare in chil-
dren, but they do occasionally occur, most often as soli-
tary masses (16,35–42). Although rare (10% of total),
bilateral masses may also occur. Occasionally such ade-
nomas produce DOC rather than aldosterone. The hall-
marks include hypokalemia and hypertension, and the
optimal method for diagnosis can be complex and con-
troversial, even among adults. Rather than primary aldo-
steronism secondary to adenomas, it is far more likely that
a child will have bilateral renal hyperplasia (42).

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 for APA and hyper-
plasia. ACTH sensitivity is assessed by suppression of the
adrenal glands. Assessment of aldosterone levels, not only
peripherally but also using bilateral adrenal vein sampling,
may be helpful. Imaging studies including ultrasonogra-
phy (41), computed tomography (CT) (43), scintigraphy
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Figure 2 Steroid biosynthesis. (Reproduced from Ref. 142.)
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Figure 3 Aldosterone regulation. (Reproduced from Ref. 142.)

using radioiodocholesterol (44), and nuclear magnetic res-
onance (NMR) imaging (45) have all been used.

When APA is present, surgery is indicated (16). Sur-
gical therapy with total or subtotal adrenalectomy for bi-
lateral adrenal hyperplasia has been advocated, but hyper-
tension may either continue or return. Instead, manage-
ment using the nonspecific mineralocorticoid antagonist
spironolactone may be more effective (16,37). Eplerenone
is the first of the more specific aldosterone receptor antag-
onists and may prove to have a useful role (46).

VII. GLUCOCORTICOID-RESPONSIVE
ALDOSTERONISM: DEXAMETHASONE-
SUPPRESSIBLE HYPERALDOSTERONISM
(OMIM #103900)

Glucocorticoid-responsive aldosteronism (GRA) was first
reported by Sutherland et al. (47) and New et al. (48) in
1966–1967, as a novel form of increased aldosterone se-
cretion accompanied by suppressed renin and treatable by
dexamethasone. It is listed in the Online Mendelian In-
heritance in Man (OMIM) as #103900. (OMIM can be
accessed at http://www.ncbi.nlm.nih.gov/Omim.) This
condition, which is inherited as autosomal dominant (49),
has been reported in numerous pedigrees (50–54), and has
now been identified as due to a chimeric gene duplication
(the fusion of 11�-hydroxylase and aldosterone synthase
genes from an unequal crossing-over event) (55,56), lead-
ing to the regulation of aldosterone synthesis and secretion
solely by corticotropin instead of by angiotensin II and po-
tassium (54,57–59). The chimeric gene product converts
cortisol to 18-hydroxy and 18-oxo metabolites (60–63).

In patients with GRA both serum and urine aldoste-
rone levels are generally elevated, but not invariably so.

However, pathognomonic findings are generally that the
urinary cortisol metabolites TH18oxoF and 18-hydroxy-
cortisol are very high in GRA, and the ratio of TH18oxoF/
tetrahydroaldosterone (THAD) is elevated. A commercially
available urinary steroid profile can differentiate GRA pa-
tients from those with apparent mineralocorticoid excess
(AME) or Liddle syndrome (Nichols Institute, San Juan
Capistrano, CA) (63). Specific genetic testing is both sen-
sitive and specific.

Patients have excessive aldosterone secretion, which
leads to salt and water retention, plasma volume expan-
sion, and then hypertension. When hypertension occurs,
as it often does in GRA, glucocorticoid suppression can
control the hypertension. GRA appears to be rare, yet it
still is not often considered in the course of an evaluation
of pediatric hypertension. Affected individuals often have
a family history of severe so-called essential hypertension
that has resisted therapy, or of family members who had
early cardiovascular events including stroke and myocar-
dial infarction.

Dluhy et al. recently reviewed the medical records of
20 children from 10 unrelated pedigrees of GRA to assess
their course (64). Sixteen of the 20 developed hypertension,
as early as 1 month of age. An interesting finding was that
four were not hypertensive. Half of those with hypertension
had conditions controllable with monotherapy [glucocorti-
coid suppression or aldosterone receptor/amiloride-sensi-
tive epithelial sodium channel (ENaC) antagonists]. The
rest required combination therapy, and three of those were
unable to achieve blood pressure control.

Neither hypokalemia nor suppressed plasma renin ac-
tivity is necessarily present at diagnosis, and thus this di-
agnosis might be entertained more frequently than it has
been. Dexamethasone and other glucocorticoids usually
control the hypertension quite easily in young individuals



906 Ingelfinger

with GRA, although adults with this chimeric gene may
not experience resolution of their hypertension when di-
agnosis has been delayed.

VIII. APPARENT MINERALOCORTICOID
EXCESS (OMIM #218030)

Apparent mineralocorticoid excess (AME) is marked by
low-renin hypertension accompanied by hypokalemia and
metabolic alkalosis (22). The syndrome was first deline-
ated in 1977 by New et al. during their evaluation of a
young Native American girl from the Zuni tribe who pre-
sented with this clinical picture (65,66). The hypertension
in AME is severe, often accompanied by early end-organ
damage (67). Although initial therapy with spironolactone
frequently is effective, patients may well become refrac-
tory, and there is an absence of 11-�-hydroxysteroid
dehydrogenase. The presence of 11-�-hydroxysteroid de-
hydrogenase is necessary for the prevention of mineralo-
corticoid activity of cortisol. When this enzyme is low or
absent, cortisol-mediated hypertension can occur. In
AME, cortisol acts as if it were a potent mineralocorticoid.

The microsomal enzyme 11�-hydroxysteroid dehy-
drogenase (11�-HSD) interconverts the active 11-hy-
droxyglucocorticoids to their inactive keto-metabolites.
Both aldosterone and cortisol have an affinity for the min-
eralocorticoid receptor and, under usual circumstances,
11�-HSD is protective, preventing binding of cortisol to
the mineralocorticoid receptor. In AME, the slow metab-
olism of cortisol to the biologically inactive cortisone,
with a prolonged cortisol half-life (68,69), causes cortisol
to act as a potent mineralocorticoid. The metabolism of
cortisone to cortisol, however, is normal.

There are two kinetically distinct forms of the 11-�-
HSD enzyme. 11-�-HSD1 is widely distributed and, while
its Km for cortisol is an order of magnitude higher than
11-�-HSD2, it is NADP-preferring, and mainly acts as a
reductase. In contrast, 11-�-HSD2 is present mainly in
epithelia that transport sodium. It has a high affinity for
cortisol and requires nicotinamide adenine dinucleotide
(NAD). It is involved in sodium transport, predominantly
in the kidney distal tubule. The clinical findings suggest
that the 11�-hydroxysteroid dehydrogenase enzyme is ab-
normal in AME (70,71). It was postulated that patients
with AME had a loss of mineralocorticoid receptor spec-
ificity such that cortisol could bind to the mineralocorti-
coid receptor (MR) and act as a mineralocorticoid. Al-
though defective 11�-HSD seemed a likely explanation,
the first form of this enzyme found was normal. However,
it is now known that an abnormality in the type 2 isoform
of 11�-HSD is mutated in patients with AME (72–76).
To date, many distinct mutations have been reported.
These have been shown to impair the conversion of cor-
tisol to cortisone.

Classic AME generally presents in early life and is
associated with failure to thrive, severe hypertension, and

persistent polydipsia. The 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. There is an abnormal urinary ratio
of tetrahydrocortisol/tetrahydrocortisone (THF/THE), with
a predominance of THF. The generation of cortisone from
cortisol after 11-tritiated cortisol is injected is only 0–6%,
compared to normal: 90–95% (77).

Complications of hypertension in these children often
include cardiovascular ravages of hypertension. In addi-
tion, some patients develop nephrocalcinosis and renal
failure (78). 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 Men-
nonite kindred, in whom there is a P227L mutation in the
HSD11B2 gene (79,80). In 2001 New et al. reported two
sisters from the Iroquois Nation who appear to have re-
sistance to multiple steroids (81). The proband was re-
ferred with mild hypertension as a possible patient with
AME, yet she had resistance to glucocorticoids, mineralo-
corticoids, and androgens (81). Despite significantly ele-
vated glucocorticoid levels, she had no cushingoid features
and no evidence of masculinization, although her androgen
levels were elevated (81). It was proposed that these two
young women may have a coactivator defect (81).

Hypertension without the characteristic findings of
AME has recently been described in a heterozygous father
and homozygous daughter who have mutations in 11�-
HSD2 (82). Studies in patients with hypertension suggest
a deficiency in 11�-HSD2 activity, along with abnormal-
ities that may be genetically determined (83) The 11�-
HSD2 gene appears to confer specificity for the aldoste-
rone receptor.

Licorice-induced hypertension has a pathogenesis
similar to that seen in AME (79,80,84). Glycerrhetinic
acid, which is the active component of licorice, inhibits
11�-hydroxysteroid dehydrogenase, leading to increased
stimulation of the mineralocorticoid receptor (84).

IX. MUTATIONS IN RENAL TRANSPORTERS
CAUSING LOW-RENIN HYPERTENSION

A. Pseudohypoaldosteronism Type II:
Gordon Syndrome (OMIM #145260)

Pseudohypoaldosteronism type II (PHAII) is an autosomal
dominant condition associated with hyperkalemia, acide-
mia, and hypertension along with increased salt reabsorp-
tion by the kidney (13,85–87). The condition is also
known as Gordon syndrome or familial hyperkalemia and
is listed as OMIM #145260. A hallmark of this disease is
low renin hypertension and improvement with the use of
thiazide diuretics or with triamterene. Aldosterone recep-
tor antagonists do not correct the abnormalities. The path-
ogenesis remained elusive for a long time, although the
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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 (88–90). A PHAII kindred in which linkage anal-
ysis suggested that the involved area was the most telo-
meric 2-centimorgan segment of chromosome 12p [lod
score 5.07] was recently found to have abnormalities in
the WNK1 gene. The WNK genes, a family of serine-
threonine kinases, are named WNK because they have no
lysine, the symbol for which is ‘‘K.’’ The mutations are
large intronic deletions that increase WNK1 gene expres-
sion. Another family has been found with mutations in
WNK4, which is on chromosome 17. These mutations are
missense. WNK1 is widely expressed in the body, while
WNK4 is mainly expressed in kidney, localized to tight
junctions. It is thought that abnormalities in WNKs
change the way potassium and and hydrogen are handled
in the collecting duct, thus increasing salt resorption and
intravascular voloume. How this occurs is not clear. It is
unlikely that these kinases simply increase the activity of
ENaC. More likely they either increase transcellular chlo-
ride conductance in the collecting duct, or increase para-
cellular chloride conductance. This may increase salt re-
soprtion and intravascular volume, and dissipate the
electrical gradient and decrease K� and H� secretion.
They might also lead to constitutive increase in activity
of the Na–Cl cotransporter in the collecting duct or in-
crease its activity in the distal convoluted tubule.

The lesson inherent in the association of WNK ki-
nases with PHAII is that many individuals with low-renin
primary hypertension respond to treatment with thiazide
diuretics. Might these people have variants in WNK1 or
WNK4 that predispose to hypertension? There are some
data from linkage studies that suggest such an association
might be important (90). Furthermore, the WNK kinases
and their signaling pathways may be a fruitful target for
future development of antihypertensive drugs.

B. Liddle Syndrome (OMIM #177200)

In 1963 Liddle (91) described early onset of hypertension
with hypokalemia in a family who had low renin and al-
dosterone concentrations. Inheritance was autosomal dom-
inant. Inhibitors of renal epithelial sodium transport, such
as triamterene, worked well in controlling hypertension,
but inhibitors of the mineralocorticoid receptor did not. A
general abnormality in sodium transport seemed apparent,
as the red blood cell transport systems were not normal
(92). The concept that a major abnormality was present
in renal salt handling was fostered by the fact that a pa-
tient with Liddle syndrome who needed a renal transplant
experienced normalization of the blood pressure and se-
rum potassium after the procedure (93).

The abnormality in Liddle syndrome thus looked like
aldosterone excess yet had very low aldosterone levels as
well as renin (94–96). Many patients have low potassium

levels, but not all do. Mineralocorticoid-dependent sodium
transport within the renal epithelia needs activation of the
epithelial sodium channel. The �, �, and � subunits have
been cloned and characterized. The � and � subunits are
found close to each other on chromosome 16. Mutations
in these subunits have been identified in Liddle syndrome.
More information can be found in OMIM, in which Lid-
dle syndrome is listed as OMIM 177200.

X. CUSHING SYNDROME
AND HYPERTENSION

Glucocorticoid excess leads to the well-described syn-
drome of weight gain, linear height growth attenuation,
myopathy, centripetal obesity, striae, moon facies, and
buffalo hump (97–100). Hypertension is part of this con-
stellation, whether the syndrome is due to exogenous glu-
corticoid therapy or to endogenous hypercortisolism from
a variety of causes. The hypertension improves upon con-
trol of the underlying cause (and therapy is discussed in
Chapter 6, 30). The hypertension should be controlled
while the cause is being evaluated and treated.

XI. HYPERTENSION IN
PHEOCHROMOCYTOMA AND
NEURAL CREST TUMORS

Hypertension is nearly universal in pediatric pheochro-
mocytoma, and management is discussed in Chapter 8,
Disorders of the Adrenal Medulla: Catecholamine-Pro-
ducing Tumors in Childhood. Several points concerning
the hypertension in children with pheochromocytoma are
worth emphasizing in this chapter as well (101–117). The
hypertension seen in children and adolescents with pheo-
chromocytoma is often constant rather than episodic; thus
the diagnosis should always be ruled out in a child with
marked hypertension.

Management of hypertension in a child with pheo-
chromocytoma should be classified into the preoperative
phase, intraoperative phase, and postoperative phase. Pre-
operatively, it is worthwhile to be certain the child’s blood
pressure is controlled and the child stable before surgery
is attempted. The dosages of medications used are listed
in Table 4. As was pointed out in Chapter 8, although
alpha blockade is thought to be important, beta-adreno-
ceptor blockade should not be used as sole therapy, be-
cause it fails to prevent the effects of catecholamine at
alpha-adrenoceptors and may cause severe hypertension.

Some sources suggest inducing volume expansion along
with blood pressure control in the preoperative period, to
prevent intraoperative volume instability (103,107).

Preoperatively it is wise to premedicate to avoid anx-
iety, which itself may precipitate catecholamine release
and crisis. Perioperatively, it is important to consider the
use of nonexcitatory neuromuscular medications. Fentanyl
and droperidol should be avoided because they may lead
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Table 4 Treatment of Catecholamine Excess: Oral Medications to Use Preoperatively

Drug Indications/pharmacokinetics Dose Preparation

�-Adrenergic blockers
Phenoxybenzamine Long half-life Start at 10 mg bid →

20–40 mg bid or tid
10 mg capsules

Prazosin Selective �1-antagonist; short half-life 1 mg q 8 h, up to 20 mg/
day

1, 2, 5 mg capsules

�-Adrenergic blockers:
Don’t use before full �-
blockade

Propranolol Nonselective �-antagonist; may induce
wheezing; biologic half-life �4 h

1 mg/kg/dose bid to qid 10, 20, 40, 60, 80
mg tabs

Propranolol-long acting Same as propranolol 1 mg/kg/day 60, 80 mg capsules
Atenolol Selective �1-antagonist; 50% absorbed

orally; peaks at 2–4 h, half-life 6–7
h; oral duration 24 h

1–2 mg/kg qd 25, 50, 100 mg
tablets

�/�-Adrenergic blockade
Labetalol Combined blocker; limited pediatric

information
3–4 mg/kg/day in two di-

vided doses; increase
to 40 mg/kg/day orally

100, 200, 300 mg
tablets

Competitive inhibitor of
tyrosine hydroxylase

Metyrosine (Demser) Competitive inhibitor of tyrosine
hydroxylase

250 mg bid to qid 250 mg capsules

to catecholamine release. Atropine is also contraindicated,
since this agent may lead to tachycardia in the presence
of elevated blood catecholamines.

Monitoring arterial pressure and the cardiogram is es-
sential during surgery, and providing muscle relaxants
prior to intubation is important. Anesthesia with isofluo-
rance or enflurane is usual and well tolerated. If a hyper-
tensive crisis occurs during surgery, prompt therapy with
intravenous phentolamine or nitroprusside is essential, as
well as control of any arrhythmias that may develop. In
addition to phentolamine and nitroprusside, the calcium
channel blocker nicardipine has been used with success,
as have labetalol, esmolol, nitroglycerine, and the dopa-
mine 1 agonist fenoldopam.

In a recently published series from the Mayo Clinic,
the majority of patients were given isoflurane for their
primary volatile anesthetic, and 61% were given succi-
nylcholine as a muscle relaxant. Most required intraoper-
ative antihypertensive use (82%), and 45% required the
use of vasopressors.

Postoperatively blood pressure normalizes in most
children with resectable tumors. However, about 25% of
adults do not, likely because most have concomitant pri-
mary hypertension. Those children who require continued
antihypertensive therapy after resection generally have tu-
mors that are not fully resectable, or have malignant pheo-

chromocytoma. In such situations a combination of alpha
and beta blockade can control blood pressure. Metyrosine
(Demser) is also useful for inhibiting catecholamine syn-
thesis. The calcium channel blocker nifedipine is success-
ful in decreasing clinical symptoms.

XII. HYPERTENSION IN THYROID DISEASE

Hypertension is widely stated to occur in conditions of
both hyperthyroidism (118–120) and hypothyroidism
(121), not surprisingly via distinctly different mecha-
nisms. A considerable body of experimental data demon-
strates that models of hyperthyroidism are accompanied
by hypertension. For example, a model of hyperthyroid-
ism in which rats are rendered thyrotoxic by injection of
0.1 mg/kg/24 h of L-thyroxine is accompanied by both
hypertension and left ventricular hypertrophy. Activation
of the renin–angiotensin system appears important in this
form of hypertension, which is ameliorated by the angi-
otensin II antagonist (e.g., valsartan). Conversely, an older
literature showed that spontaneously hypertensive rats had
a propensity to thyroid functional abnormalities.

Clinical hypertension as part of hyperthyroidism is
widely known (118–120). Treatment of the hypertension
with antihypertensive agents generally proves successful.



Hypertension 909

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 com-
pared to normal, with a failure to exhibit nocturnal de-
crease (dipping) in blood pressure. Systolic hypertension
as an isolated finding is more common than elevation of
both systolic and diastolic hypertension, particularly in
young patients. Increased cardiac output with decreased
total peripheral resistance are observed.

Hypothyroidism has long been reported as associated
with hypertension (121). However, few data truly support
this claim. Rather, studies note left ventricular hypertro-
phy post hoc, in autopsy studies, or make this claim with-
out providing control subjects. Therapy of the thyroid de-
ficiency generally decreases the blood pressure for most
individuals. The clinical findings include increased sym-
pathetic nervous system tone, with an augmented alpha-
adrenergic responsiveness. Cardiac output tends to be de-
creased, while peripheral resistance is increased. If
hypertension is present, it is most often diastolic in nature.
Once the hypothyroidism is corrected, patients can gen-
erally be weaned from hypotensive therapy.

XIII. HYPERPARATHYROIDISM
AND HYPERTENSION

Hypertension is a frequent occurrence with hyperparathy-
roidism (122,123). Studies that have considered mecha-
nisms suggest that intracellular ionized calcium is elevated
and regulated abnormally in this condition. Iatrogenic hy-
pertension may occur, since therapy may have side effects
leading to hypertension. Patients with hypoparathyroid-
ism, if treated to excess with vitamin D analogs and cal-
cium, may likewise become hypertensive.

XIV. PREVENTION OF HYPERTENSION
AND ENDOCRINE SYSTEMS

A. Expectable Hypertension in the Course of
Prescribed Therapy

No discussion of hypertension in children is complete
without some mention of iatrogenic forms of hyperten-
sion. A number of medications commonly used in endo-
crine practice may lead to hypertension: including glu-
cocorticoids and mineralocorticoids, thyroid replacement,
and estrogen–progestin combinations (124). Thus, the
alert clinician prescribing such medication will monitor
any individual for whom such medications are prescribed.
The self-prescription or inadvertent exposure of patients
to such compounds can also result in elevated blood pres-
sure.

Glucocorticoid-related hypertension is extremely
common among those taking such preparations for pro-
longed time periods. A recent publication noted that 88%
of children receiving glucocorticoids were hypertensive

(125). The hypertension related to glucocorticoid use ap-
pears irrespective of indication and has been reported
among children with neurological, renal, pulmonary, and
GI disease. Given a necessary course of steroids, it is im-
perative that blood pressure be monitored and treated as
needed until the glucocorticoid treatment can be discon-
tinued.

B. Expectable Hypertension in the Course of
a Known Diagnosis

Certain endocrine diagnoses are associated with hyperten-
sion. A child with Turner syndrome has a definitive
chance of renovascular hypertension, owing to renal artery
abnormalities or to renal malrotation and anatomical
anomalies (126). Children with disorders of calcium reg-
ulatory hormones may develop hypercalcemia and hyper-
calciuria, and nephrocalcinosis with attendant renal cal-
cification and hypertension (127). Children from families
with a familial endocrinopathy should be evaluated care-
fully, given the frequency of neural crest tumors.

Diabetes may be associated with microalbuminuria
early, and endocrinologists should, from all that is now
known, monitor children with diabetes for microalbumin-
uria, renal function, and blood pressure. Renoprotective
treatment may well be indicated (128–130).

The endocrine diagnoses for which monitoring blood
pressure levels should be part of routine care are listed in
Table 3.

XV. PRIMARY HYPERTENSION: HOW
OFTEN ENDOCRINE?

About 25% of the adult population has hypertension, 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 of whether some individuals with so-called pri-
mary hypertension might have abnormalities in genes that
lead to mendelian forms of low-renin hypertension. Such
mutations might not lead inevitably to hypertension but
might cause a predisposition to hypertension. Recent stud-
ies of individuals with primary hypertension have detected
certain polymorphisms that appear to be associated with
differences in function of 11-� hydroxysteroid dehydro-
genase-2. Some publications suggest that individuals with
either a polymorphism in 11-�-HSD2 or who have an in-
creased cortisol half-life seem to respond differently from
others with respect to salt sensitivity. Such findings sug-
gest that some forms of primary hypertension may be dif-
ferentiated from others by their 11-�-HSD-2 activity
(83,131,132,134). Since not all studies (133) support such
findings, this remains an area of continuing consideration.



910 Ingelfinger

Ta
bl

e
5a

O
ra

l
an

d
T

op
ic

al
H

yp
er

te
ns

iv
es

M
ed

ic
at

io
n

ty
pe

D
ru

g
R

ou
te

D
os

ag
e

A
dv

er
se

ef
fe

ct
s

C
on

tr
ai

nd
ic

at
io

n
C

om
m

en
t

V
as

od
ila

to
r

M
in

ox
id

il
PO

0.
2

m
g/

kg
to

st
ar

t
Fl

ui
d

re
te

nt
io

n,
re

fle
x

ta
ch

yc
ar

di
a

N
ee

d
to

ge
t

B
P

co
nt

ro
lle

d
im

m
ed

ia
te

ly
;

ca
te

ch
om

in
e-

m
ed

ia
te

d
hy

pe
rt

en
si

on

M
ay

he
lp

in
ur

ge
nc

ie
s

H
yd

ra
la

zi
ne

PO
0.

75
–3

.0
m

g/
kg

/d
ay

V
as

ol
id

at
io

n
Ta

ch
yc

ar
di

a;
se

ns
iti

vi
ty

to
hy

dr
al

az
in

e
U

ns
ta

bl
e

in
su

sp
en

-
si

on
;

co
ns

id
er

pe
ri

-
od

ic
A

N
A

te
st

in
g

B
et

a
bl

oc
ke

rs
Pr

op
ra

no
lo

l
PO

0.
5–

1.
90

m
g/

kg
/d

ay
di

vi
de

d
q

6
h

B
ra

dy
ca

rd
ia

,
C

H
F,

in
te

ns
ifi

-
ca

tio
n

of
A

V
bl

oc
k;

m
en

-
ta

l
de

pr
es

si
on

,
vi

su
al

di
s-

tu
rb

an
ce

s,
ni

gh
tm

ar
es

,
ha

llu
ci

na
tio

ns
;

br
on

ch
o-

sp
as

m
s;

G
I

sy
m

pt
om

s

A
st

hm
a,

C
H

F,
si

nu
s

br
ad

y-
ca

rd
ia

,
liv

er
di

se
as

e,
ca

rd
i-

og
en

ic
sh

oc
k,

di
ab

et
es

(?
),

ph
eo

ch
ro

m
oc

yt
om

a

M
ay

m
as

k
si

gn
s

of
hy

po
gl

yc
em

ia
or

hy
-

pe
rt

hy
ro

id
is

m
;

av
ai

l-
ab

le
in

lo
ng

-a
ct

in
g

fo
rm

A
te

no
lo

l
PO

O
nc

e
da

ily
,

50
m

g
qd

(a
du

lt)
Fe

w
er

si
de

ef
fe

ct
s

th
an

no
ns

el
ec

tiv
e

be
ta

bl
oc

ke
rs

C
an

co
ns

id
er

us
in

g
in

pa
-

tie
nt

s
w

ith
re

ac
tiv

e
ai

rw
ay

di
se

as
e

R
el

at
iv

el
y

ca
rd

io
se

-
le

ct
iv

e

M
et

op
ro

lo
l

PO
1

m
g/

kg
ev

er
y

12
h

Fe
w

er
si

de
ef

fe
ct

s
th

an
ot

he
r

be
ta

bl
oc

ke
rs

B
et

a
bl

oc
ke

r
of

ch
oi

ce
in

as
th

m
a

R
el

at
iv

el
y

ca
rd

io
se

-
le

ct
iv

e
N

ad
ol

ol
PO

1
m

g/
kg

/2
4

h
Sa

m
e

as
ot

he
r

be
ta

bl
oc

k-
er

s,
bu

t
le

ss
se

ve
re

B
et

a
bl

oc
ke

r
of

ch
oi

ce
in

as
th

m
a

L
on

ge
r

du
ra

tio
n

of
ac

tio
n

pe
rm

its
on

ce
/

da
y

do
si

ng
A

ng
io

te
ns

in
-

co
nv

er
tin

g
en

zy
m

e
in

hi
bi

-
to

rs

C
ap

to
pr

il
PO

0.
05

–0
.1

5
m

g/
kg

/
do

se
(l

ow
en

d
in

in
fa

nt
s)

H
yp

er
ka

le
m

ia
,

pr
ot

ei
nu

ri
a,

co
ug

h,
ra

sh
,

m
ar

ro
w

su
p-

pr
es

si
on

U
se

w
ith

ca
ut

io
n

in
re

na
l

ar
te

ry
di

se
as

e
(b

ila
te

ra
l)

,
do

no
t

us
e

in
pr

eg
na

nc
y,

or
in

an
yo

ne
w

ho
ha

s
ha

d
an

gi
oe

ur
ot

ic
ed

em
a

M
or

e
ra

pi
d

on
se

t
th

an
ot

he
r

A
C

E
in

hi
bi

to
rs

E
na

la
pr

il
PO

0.
05

–0
.1

5
m

g/
kg

/d
ay

Si
m

ila
r

to
ca

pt
op

ri
l

Si
m

ila
r

to
ca

pt
op

ri
l,

bu
t

lo
ng

er
ac

tin
g.

N
ot

su
lf

ur
-

co
nt

ai
ni

ng
,

so
pe

rh
ap

s
fe

w
er

si
de

ef
fe

ct
s

C
al

ci
um

ch
an

ne
l

bl
oc

ke
rs

N
if

ed
ip

in
e

PO
0.

25
m

g/
kg

/d
os

e,
ev

er
y

4–
6

h
V

as
od

ila
tio

n,
ta

ch
yc

ar
di

a,
na

us
ea

,
vo

m
iti

ng
,

sw
ea

t-
in

g,
ca

rd
ia

c
pr

ob
le

m
s

U
se

w
ith

ca
ut

io
n

in
he

ar
t

fa
ilu

re
A

bs
or

pt
io

n
no

t
af

-
fe

ct
ed

by
fo

od

V
er

ap
am

il
PO

4–
10

m
g/

kg
/d

ay
,

gi
ve

n
3x

/d
ay

Si
m

ila
r

to
ni

fe
di

pi
ne

A
bs

or
pt

io
n

de
la

ye
d

by
fo

od
Is

ra
di

pi
ne

PO
0.

05
–0

.8
3

m
g/

kg
/d

ay
Si

m
ila

r
to

ni
fe

di
pi

ne
C

an
be

pu
t

in
to

su
s-

pe
ns

io
n

A
lp

ha
bl

oc
ke

rs
Pr

az
os

in
PO

1
m

g
to

a
m

ax
of

20
m

g
q

24
h

O
rt

ho
st

at
ic

hy
po

te
ns

io
n,

le
th

ar
gy

,
se

da
tio

n
an

d
fa

-
tig

ue

Fi
rs

t-
do

se
hy

po
te

n-
si

on
m

ay
oc

cu
r

Ph
en

ox
yb

en
za

m
in

e
PO

0.
2

m
g/

kg
/2

4
h

O
rt

ho
st

at
ic

hy
po

te
ns

io
n,

na
-

sa
l

co
ng

es
tio

n
Sp

ec
ifi

c
fo

r
ca

te
ch

ol
-

am
in

e
ex

ce
ss

C
en

tr
al

ad
re

ne
r-

gi
c

st
im

ul
at

or
s

C
lo

ni
di

ne
PO

or
pa

tc
h

0.
05

m
g/

kg
/

bi
d

to
m

ax
2.

4
m

g/
24

h
L

et
ha

rg
y,

se
da

tio
n,

dr
y

m
ou

th
,

(?
)

re
tin

al
de

ge
ne

r-
at

io
n

So
ur

ce
:

A
da

pt
ed

fr
om

R
ef

.
14

1.



Hypertension 911

Ta
bl

e
5b

P
ar

en
te

ra
l

an
d

S
ub

li
ng

ua
l

D
ru

gs
fo

r
U

se
in

H
yp

er
te

ns
iv

e
E

m
er

ge
nc

ie
s

M
ed

ic
at

io
n

R
ou

te
D

os
ag

e
O

ns
et

of
ac

ti
on

P
ea

k/
du

ra
ti

on
A

dv
er

se
ef

fe
ct

s
C

on
tr

ai
nd

ic
at

io
n

C
om

m
en

ts

S
od

iu
m

ni
tr

o-
pr

us
si

de
(N

ip
ri

de
)

IV
in

fu
si

on
0.

3
–

10
�

g/
kg

/m
in

Im
m

ed
ia

te
1

–
2

m
in

/2
–

3
m

in
T

hi
oc

ya
na

te
to

xi
ci

ty
H

ep
at

ic
in

su
ffi

-
ci

en
cy

P
ho

to
se

ns
it

iv
e

pr
ep

a-
ra

ti
on

;
sh

ie
ld

fr
om

li
gh

t
L

ab
et

al
ol

IV
bo

lu
s

0.
5

m
g/

kg
ov

er
2

m
in

;
if

no
re

-
sp

on
se

,
do

ub
le

do
sa

ge
an

d
re

pe
at

q
10

m
in

to
m

ax
do

sa
ge

of
5

m
g/

kg

1
–

5
m

in
5

m
in

/v
ar

ia
bl

e
(g

en
er

al
ly

2
–

6
h)

P
os

tu
ra

l
hy

po
te

n-
si

on
;

ne
ur

ol
og

ic
al

sy
m

pt
om

s;
na

u-
se

a
an

d
vo

m
it

in
g

B
ro

nc
hi

al
as

th
m

a;
C

H
F

N
if

ed
ip

in
e

S
ub

li
ng

ua
l

0.
25

m
g/

kg
q

4
–

6
h

10
–

15
m

in
60

–
90

m
in

/
va

ri
ab

le
,

us
ua

ll
y

2
–

4
h

V
as

od
il

at
at

io
n,

he
ad

ac
he

,
ca

rd
ia

c
ev

en
ts

if
pr

ec
ed

-
in

g
he

ar
t

fa
il

ur
e

C
ar

di
om

yo
pa

th
y;

co
nc

om
it

an
t

us
e

of
be

ta
bl

oc
ke

rs
;

ci
m

et
id

in
e

(r
el

a-
ti

ve
)

C
ar

di
ac

co
nc

er
ns

le
ss

re
le

va
nt

in
ch

il
-

dr
en

th
an

in
ad

ul
ts

E
sm

ol
ol

IV
50

0
�

g/
kg

ov
er

30
s,

an
d

th
en

in
fu

-
si

on
of

25
�

g/
kg

/
m

in
in

cr
ea

si
ng

do
sa

ge
(e

.g
.,

4
m

in
to

m
ax

30
0

�
g/

kg
/m

in
)

1
m

in
m

in
s/

m
in

s
H

yp
ot

en
si

on
,

C
N

S
ef

fe
ct

s,
na

us
ea

G
oo

d
dr

ug
fo

r
hy

-
pe

rt
en

si
on

in
tr

a-
op

er
at

iv
el

y

E
na

la
pr

il
at

IV
,

ov
er

5
m

in
0.

04
–

0.
8

m
g/

kg
/d

os
e

(c
hi

ld
);

0.
01

m
g/

kg
st

ar
ti

ng
(n

eo
-

na
te

)

15
m

in
1

–
4

h/
va

ri
ab

le
H

yp
ot

en
si

on
,

ol
i-

gu
ri

a,
hy

po
ka

le
-

m
ia

R
en

al
fa

il
ur

e,
de

hy
-

dr
at

io
n

R
x

hy
po

te
ns

io
n

w
it

h
vo

lu
m

e

D
ia

zo
xi

de
IV

bo
lu

s
1

–
3

m
g/

kg
re

pe
at

ed
ev

er
y

5
–

15
m

in
un

ti
l

co
nt

ro
l

B
P

1
–

5
m

in
1

–
5

m
in

/v
ar

ia
-

bl
e

(u
su

al
ly

<
12

h)

A
rr

hy
th

m
ia

s,
hy

pe
r-

gl
yc

em
ia

,
so

di
um

an
d

w
at

er
re

te
n-

ti
on

T
hi

az
id

e
se

ns
it

iv
it

y,
di

ab
et

es
,

co
ar

ct
a-

ti
on

M
ay

ne
ed

di
ur

et
ic

s
to

pr
ev

en
t

fl
ui

d
re

-
te

nt
io

n;
un

pr
ed

ic
t-

ab
le

bl
oo

d
pr

es
-

su
re

dr
op

m
ay

oc
cu

r
P

he
nt

ol
am

in
e

IV
bo

lu
s

0.
05

–
0.

1
m

g/
kg

W
it

hi
n

30
s

2
m

in
/5

–
30

m
in

T
ac

hy
ca

rd
ia

,
ar

-
rh

yt
hm

ia
,

m
ar

ke
d

hy
po

te
ns

io
n

S
pe

ci
fi

c
fo

r
ph

eo
.

So
ur

ce
:

A
da

pt
ed

fr
om

R
ef

.
14

1.



912 Ingelfinger

Table 5c Diuretic Agents

Medication Dosage Onset Peak/duration Adverse effects
Relative

contraindication

Furosemide
(Lasix)

1–2 mg/kg (max, 6
mg/kg/24h)

Oral: 1–2 h
IV: 5 min

(child);
1 h (neonate)

1–2 h/4–6 h
30 min/2 h (child);
1–2 h/5–6 h (neonate)

Hyperuricemia, hyper-
glycemia, hypokale-
mia, hyponatremia,
fluid depletion,
ototoxicity

Sulfonamide sensi-
tivity, anuria,
metabolic alka-
losis

Ethacrynic acid
(Edecrin)

1 mg/kg (max, 25
mg total/day)

Oral: �30 min
IV: 15–30 min

2 h/6–8 h
45 min/3h

Same as for furose-
mide; ototoxicity
more

Anuria, metabolic
alkalosis

Bumetanide
(Bumex)

Newborn: 0.01–0.05
mg/kg q 24 h

Child: 0.015–0.1
mg/kg/dose q 6–
24 h

Oral: 30–60 min
IV: minutes

Oral: 4–6 h duration;
IV: 30–60 min dur’n

Similar to furosemide;
GI discomfort

As for furosemide

Hydrochloro-
thiazide
(HydroDiuril)

2 mg/kg bid Oral: 2 h 4 h/6–12 h Electrolyte depletion;
hyperuricemia; hy-
poglycemia

Anuria, sulfona-
mide sensitivity

Spironolactone
(Aldactone)

1–3.3 mg/kg q 6, 8,
or 12 h

Oral: gradual 3 d/2–3 d Hyperkalemia, gyne-
comastia

Anuria, hyperkale-
mia, decreasing
renal function

Metolazone
(Zaroxolyn,
Diulo,
Mykrox)

1 mg/kg Oral: gradual Gradual Similar to thiazide;
also bloating, chest
pain, chills

Anuria

Source: Adapted from Ref. 141.

XVI. 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 pres-
sure than in those with midrange or low–normal blood
pressure (135). 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
problems that can be associated with hypertension. Thus,
it is reasonable to control blood pressure into the normal
range in any infant, child, or adolescent with hyperten-
sion.

A primary endocrinopathy should be treated. If blood
pressure is elevated, either because full therapy is not yet
being administered or because therapy includes medica-
tions that can raise blood pressure, additional therapy in
the form of antihypertensive treatment is indicated. Table
5 lists current oral and intravenous medications for hy-
pertension and dosages (136–141). One should note that
specific pediatric indications are presently evolving, as a
result of the Food and Drug Administration’s Moderni-
zation Act of 1997, which has mandated antihypertensive
trials in children (137–139).
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I. INTRODUCTION

Ergogenic aids (from the Greek, ergon, meaning work)
are ingested to enhance energy utilization by producing
more, better controlling its expenditure, or increasing ef-
ficiency of use. It is apparent that true athletic success
stems primarily from a combination of genetic endow-
ment, training, technique, equipment, and proper nutrition.
The ingestion of nutritional supplements may play only a
small, mainly insignificant, role in the outcome of athletic
endeavors. What do athletes want? They want enhanced
athletic performance and many believe that one way, per-
haps a shortcut, is to take nutritional supplements. Ex-
tracting and extrapolating from a wide variety of sources,
it appears that the athlete truly desires increased strength,
power, and endurance; as well as salutary alterations in
body composition: increased lean body (muscle) mass and
decreased fat mass as quickly as possible, and faster and
more complete recovery from exercise (training) and com-
petition to achieve the goal of improved performance at
subsequent competitions.

These are issues for athletes of both genders and al-
most all ages; however, there are additional issues when
the adolescent athlete is considered. Normal physiological
growth should occur during the time of adolescence. This
topic is covered extensively in other portions of this text.
In general the linear growth rate is relatively constant at
5.5 cm/year during childhood. It continues at this rate un-
til just before the pubertal growth spurt. This physiolog-
ical event has significant variability in both timing and
tempo and may be of special importance to athletes in
certain sports that may select for the smaller and more
delayed body type, for example, gymnastics and the light-
weight wrestler. It is against the norm that one must ex-
plain variations in adolescent development in those who
train for athletics and competition and in addition may
take dietary supplements.

Nutritional supplements come in many varieties and
forms: foods, vitamins, antioxidants, and anabolics, to
mention only a few. A critical historical fact is a change
in the level of scrutiny by the U.S. Food and Drug Ad-
ministration (FDA). The Dietary Supplement Health and
Education Act of 1994 defined a food supplement as . . .
‘‘any product that contains a vitamin, a mineral, an amino
acid, an herb or other botanical; or a concentrate, metab-
olite, constituent, extract or combination of any of these
ingredients.’’ Virtually overnight an exponentially grow-
ing multibillion dollar industry was spawned. In the fol-
lowing sections I shall review information on two herbals
(ephedra and ginseng), creatine, and some anabolics in-
cluding dehydroepiandrosterone (DHEA), androstenedi-
one, and growth hormone. Growth hormone and the more
potent anabolic steroids are administered parenterally and
are not so readily available as the three agents noted
above; however, I shall very briefly review some of the
agents that act in the growth hormone–insulin-like growth
factor-1 (IGF-1) system.

II. DIETARY SUPPLEMENTS: HERBAL
PRODUCTS

Because of the Dietary Supplement Health Education Act
in 1994 herbs and other botanicals are not subject to the
stringent premarketing safety (and efficacy) evaluations
that apply to other foods (and drugs). They are not subject
to FDA regulation, but fall under the jurisdiction of the
Federal Trade Commission. Claims are made that such
products will favorably alter body composition: increase
lean body mass, decrease fat mass, and perhaps alter the
regional distribution of body fat. In addition, supplements
are taken to decrease fatigue, permit more intensive work-
outs, and aid in the recovery from these intensive bursts
of muscle use to allow energy expenditure for the next
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training session. The message of the utility (even neces-
sity) of these ergogenic aids is heard by the adolescent
athlete who seeks athletic success, often as an avenue for
social acceptance. Proper training technique includes
strength training and proper nutrition; the purveyors of
dietary supplements know that the message that their
products can be part of the overall route to athletic success
will be understood.

Although there are many herbal products for which
claims are made for ergogenic properties, I shall review
only two, ephedra and ginseng, for which there is some
significant scientific information as ergogenic aids for hu-
mans who exercise.

III. EPHEDRA

Chinese ephedra (Ephedra sinica) (1) or ma huang has a
long tradition (more than 5000 years) of use as treatment
for respiratory ailments. Although many ingredients are
found in ephedra extracts, the active pharmacological
agents are ephedrine and its related alkaloids pseudo-
ephedrine, norephedrine, and norpseudoephedrine. These
and the synthetic ephedrine alkaloids are ingredients of
many prescription and over-the-counter pharmaceutical
products. Many of the dietary supplements today actually
contain added synthetic ephedrine alkaloids or are com-
bined with other stimulants, (e.g., caffeine) and thus are
not really comparable to the original Chinese herbal ex-
tracts, especially with reference to the dosages of the ac-
tive ephedrine alkaloid ingredients. These latter are more
likely to mimic the effects of ephedrine and cause adverse
events (See below), especially when combined with caf-
feine.

There have been several studies of the acute effects
of the ephedra alkaloids on exercise performance, but the
dosages often are in excess of those ‘‘recommended’’ for
daily use. These have evaluated time to exhaustion or
muscle strength. Most have shown no significant effects,
except for a rise in peak systolic blood pressure (2,3).
However, when combined with a high dosage of caffeine,
Bell and colleagues (4) were able to determine a statisti-
cally significant increase in time to exhaustion in a cycle
ergometer trial.

The ephedra alkaloids found in many dietary supple-
ments are banned substances for some amateur and pro-
fessional sporting events. After these supplements are
taken, their metabolites are excreted into the urine in
amounts sufficient to be detected by the usual testing pro-
cedures.

A disadvantage of the use of supplements containing
ephedra, ephedra extract, or ma huang is their propensity
to untoward reactions. Reports to the FDA and Poison
Control Centers include many cardiovascular toxic effects
including cardiac arrhythmias, myocardial infarctions, and
stroke, with a number of these events being fatal. Haller
performed a review of the cardiovascular and central ner-

vous system (CNS) events associated with dietary supple-
ments containing ephedra alkaloids. Benowitz (5) found
hypertension as the single most frequent adverse event
followed by tachycardia and palpitations. Although these
cardiovascular events and those related to the CNS did
not occur with great frequency, the authors suggested that
they could be devastating in vulnerable individuals. Cen-
tral nervous system adverse events include agitation, ma-
nia, psychoses, and dependence. Although many may
have followed so-called improper dosage of the supple-
ment, the amounts taken were well within the range of
those who use these dietary supplements. It is important
to note that the content of ephedra alkaloids in herbal
dietary supplements varied over a very wide range. In
one review Gurley and co-workers (6) found lot-to-lot
variations in the contents of (�)-ephedrine, (�)-pseudo-
ephedrine, and (�)-methylephedrine of greater that 180%,
250%, and 1000%, respectively. (�)-Norpseudoephed-
rine, a schedule IV substance, was an ingredient of a num-
ber of the supplements tested. A majority of the products
had major discrepancies (>20%) in the amounts of
ephedra alkaloids actually contained and those claimed on
the label. Such products can be very dangerous even if
‘‘used as directed,’’ given the wide variations in ingredient
content.

IV. GINSENG

Ginseng (1) usually refers to the Chinese or Korean prep-
aration of Panax ginseng. It is used as a dietary and me-
dicinal product in most of Asia, in the form of root, root
extract, or root powder. The root contains multiple gly-
cosylated steroidal saponins as likely active agents. Al-
though used to improve general health (Qi, life energy)
some more recent studies have focused on its effect on
exercise performance. Some properly controlled studies
have shown statistically significant improvements in phys-
ical performance (e.g., increased aerobic capacity and
muscle strength) after 6 weeks of ingesting ginseng root
powder (7). A number of other studies have shown small
or nonsignificant changes in the cardiovascular and re-
spiratory systems, especially in untrained, older subjects
and in larger trials. It is difficult to find evidence for a
salutary effect on athletic performance in the younger,
training competitive athlete.

The untoward effects from the usual dosages are not
prominent and it is often difficult to separate those effects
(e.g., CNS stimulation) from those of the added ‘‘contam-
inants,’’ such as caffeine or ephedra alkaloids (see above).
No metabolites that appear on the banned list for athletes
are excreted in the urine of those who take ginseng prep-
arations.

V. CREATINE

Creatine (8–12) is a nutrient found naturally in various
foods, for example, meat and fish. It is also available as
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a nutritional concentrated supplement that is not on the
banned list, that is, it is ‘‘legal.’’ Its main source in the
diet is fish and red meat and is found almost exclusively
in skeletal muscle, where it is one of the main energy
sources available to fuel the energy bursts for explosive
contractions, such as those in jumping and weight train-
ing. The idea is to match ATP supply to ATP demand.
Creatine exists mainly in two forms: creatine and creatine
phosphate for the storage of energy in muscle. Within the
muscle, 60–70% exists as creatine phosphate, which is
unable to pass through biological membranes, and thus is
osmotically active.

2� 3� � 4�PCr � ADP � H ↔ ATP � Cr

Creatine kinase

Why would an athlete supplement his or her diet with
creatine? For those whose athletic endeavors include the
generation of explosive power, the more phosphocreatine
(PCr) stored, the more power one might generate. From
the ergogenic viewpoint, the resynthesis of PCr could be
the critical factor during sustained, very-high-intensity ex-
ercise. Thus the rationale for its use is based on supple-
mentation to increase resting levels of creatine phosphate
and free creatine to increase the regeneration of ATP to
delay fatigue, and thus improve athletic performance. De-
pletion of phosphocreatine, especially in fast type II mus-
cle fibers, and subsequent declines in force production are
thus delayed. Investigation has focused on activities that
require short or repeated bouts of energy expenditure. In
fact, several laboratory studies have shown small but sta-
tistically significant increases in cycle ergometer perfor-
mance (13–16); however, no studies have shown the ef-
fectiveness of creatine supplementation in subjects less
than 18 years old. Others have not been able to replicate
such results.

Orally ingested creatine is completely absorbed intact
from the gastrointestinal tract. It is delivered to the skel-
etal muscle for storage, where it can quickly rephosphor-
ylate ADP to ATP (See above) to fuel muscular contrac-
tion and stimulate myosin heavy-chain (protein) synthesis.
The daily requirement is approximately 2 g/day for a 70
kg person. Approximately half comes from in vivo pro-
duction and the other half from dietary sources. The most
popular supplements are administered as a loading dose
of 20–25 g for 2–5 days, followed by 2–5 g/day as main-
tenance. The more that is ingested, the less is synthesized.

Which teenaged athletes take creatine supplements
and why do they take them? Metzl and colleagues sur-
veyed a group of high school athletes and found that
slightly fewer than 6% (but many more among 11th and
12th grade students) admitted taking creatine supplements
(16). Boys were almost five times more likely than girls
to supplement with creatine and the older athletes more
likely than the younger athletes. Use was significantly
more likely among strength-dependent athletes, for ex-
ample, football players, wrestlers, ice hockey players, and

lacrosse players. The surveys indicated that those who
took the supplement expected enhanced athletic perfor-
mance (�75%), improved appearance (�60%: a not in-
consequential reason for adolescents to take many types
of supplements even among nonathletes), improved en-
durance (�45%), and improved speed (�40%). Ray and
colleagues have also recently reported similar results (17).

Because these supplements are not necessarily made
under ‘‘Good Manufacturing Practices’’ as our prescrip-
tion drugs are, one is not assured of the potency of the
product nor what other chemicals might be contained in
the product. The FDA does not necessarily test these prod-
ucts. Most of the creatine is excreted in the urine; how-
ever, as an osmotically active substance it draws in water
leading to several of its side effects: weight gain, edema,
and muscle cramps. Gastrointestinal (GI) cramps are also
common. In fact it is the cramping in muscle and in the
GI tract that has limited its use.

VI. ANABOLIC STEROIDS

Anabolic steroids are used to increase lean tissue mass
and to reduce body fat. In addition to enhanced athletic
performance, athletes claim that supplementation with
these compounds increases strength and weight as well as
aggressiveness to permit longer and more intense work-
outs. Anabolic effects of androgens occur in the nonre-
productive tissues and include an increase in muscle mass;
acceleration of bone growth before epiphyseal closure in
the adolescent; increase in bone density; stimulation of
red blood cell production, as noted by increases in the
circulating hemoglobin level and hematocrit; laryngeal
enlargement and vocal cord thickening; and decrease in
body fat (18). Androgenic effects are those that reflect
the development of the primary sexual characteristics:
changes in genital size and function, spermatogenesis, and
sexual hair. Of some interest as well are the anticatabolic
effects (19), perhaps acting by blocking the glucocorticoid
receptor that might permit more rapid recovery from pre-
vious training or more intensive training sessions. There
are at least two well-controlled clinical trials that show
unequivocal efficacy of moderately increased levels of tes-
tosterone (20,21).

The rationale for using anabolic, androgenic steroids
includes the following (22):

The clear differential in athletic performance between
men and women depends in the main on differ-
ences in body composition; on average, the lean
body mass is 30% greater in men.

The obvious anabolic effects resulting from the phys-
iological increases in testosterone during male
pubertal development.

The production of undoubted anabolic and ergogenic
effects by physiological dosages of testosterone
in hypogonadal men.
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The assumption that use of supraphysiological dos-
ages of testosterone or more potent synthetic an-
alogs would increase muscle bulk and improve
athletic performance in eugonadal adult men.

The assumption that anabolic effects can be separated
from the virilizing effect by use of pure anabolic
agents.

The rationale may be correct, but the assumptions
have in the main yet to be realized, because only one
androgen receptor has been identified. I shall not consider
the injectable anabolic steroids since these are really not
dietary supplements. I shall consider both dehydroepian-
drosterone and androstenedione below, because they are
both widely available and used, as is creatine, by adoles-
cent athletes.

VII. DEHYDROEPIANDROSTERONE

Dehydroepiandrosterone (DHEA) and its sulfate
(DHEAS) are the most abundant circulating steroid hor-
mones, with daily secretory rates of almost 30 mg/day in
the adult. In addition they are precursors to both andro-
gens and estrogens. The circulating levels change remark-
ably over the normal life span: in the fetus these steroids
are precursors for placental estrogens. The levels then de-
cline until midchildhood when they begin to slowly rise
during a process called adrenarche, which may be her-
alded by the appearance of pubic hair, hence an often-
used synonym: pubarche. This small rise is followed by
a continued rise to a peak in the young adult. After that,
the levels decline steadily to 20–25% of the maximum.
This natural decline has become a target of nutritional
supplementation: that is, to the suggestion that DHEA
might attenuate or reverse some of the effects of aging.
The aim of this supplementation is to again raise the levels
of circulating DHEA to those of the young adult.

For adolescents the goal must be quite different, since
it is during this period that DHEA and DHEAS levels are
close to their highest. The aim must be to increase the
levels of the more anabolic steroids, since the potency of
DHEA is weak as an androgen (23). Despite being banned
as a pharmaceutical by the FDA in 1996, DHEA has been
resurrected as a nutritional supplement (so-called nutri-
ceutical). In young men neither single doses of DHEA (50
mg) nor 150 mg/day during an 8 week resistance training
protocol raised testosterone or free testosterone levels
(24). Levels of DHEA and androstenedione were raised
as a positive control for drug absorption. The levels of
gonadotropins did not decrease as they would were a suf-
ficiently potent anabolic steroid administered (for exam-
ple, testosterone). The levels of testosterone and its free
fraction also did not change. Thus, there were no discern-
able effects on the hypothalamic–pituitary–gonadal axis
from these amounts of DHEA.

Common side effects of potent anabolic steroid ad-
ministration include liver enzyme elevations and a dysli-

pidemia characterized by an increase in low-density lipo-
protein (LDL)-cholesterol and a decrease, often marked,
in high-density lipoprotein (HDL)-cholesterol. No altera-
tions in the lipid profile or hepatic enzyme profile of the
subjects were found. All subjects increased the amount of
weight lifted, but there was no difference between those
who ingested DHEA and those receiving placebo. The
muscle fiber cross-sectional area of the type II fibers in-
creased with resistance training, but there were no differ-
ences between the groups of subjects receiving DHEA and
placebo. These data in young males (although not adoles-
cents) make it unlikely that the usual amounts of DHEA
supplementation will have an anabolic effect that will lead
to increases in athletic performance above those gained
by diligent training and a proper diet.

DHEA may have a role in patients with adrenal in-
sufficiency, because the usual replacement therapy with
glucocorticoids and mineralocorticoids does not address
the issue of decreased adrenal androgens. Arlt and col-
leagues made a strong case for DHEA replacement ther-
apy in women with adrenal insufficiency (25).

VIII. ANDROSTENEDIONE

Androstenedione is an anabolic steroid that is a precursor
to both testosterone and estradiol. It is itself a weak an-
drogen and poorly converted to more potent androgens;
however, because of the hype engendered following its
use by Mark McGwire during his spectacular season of
hitting home runs for the St. Louis Cardinals, it received
much undeserved press from which the manufacturers
reaped an extraordinary financial benefit. Several well-
done studies (See below) have been unable to find cred-
ible evidence for an anabolic effect.

Oral androstenedione administered at 100 or 300
mg/day to 20–40-year-old or 30–56-year-old men raised
androstenedione concentrations in all. A total of 97 sub-
jects were enrolled in two separate studies (26,27). The
intersubject variability was remarkably high. Although
there was no increase in total testosterone concentration
in the older men, there were increases in free testosterone
and estradiol levels. There was a 30% increase in total
testosterone level in the younger men; however, this rise
was accompanied by a 150% rise in circulating estradiol
levels. When conjugated steroid hormone levels were as-
sessed, the increases in excretion rates of these steroid
hormone metabolites increased markedly (far out of pro-
portion to the circulating levels of testosterone) as did
circulating levels of testosterone glucuronide (28). Despite
these changes in circulating steroid hormone levels, there
were no changes in gonadotropin levels, indicating a min-
imal, if any, effect on the hypothalamic–pituitary–go-
nadal axis. Thus the ingested steroid is largely metabo-
lized to its glucuronide conjugate and other metabolites
before it is released into the general circulation. In an
additional well-controlled study, the ingestion of andro-
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stenedione did not stimulate muscle protein anabolism
across the thigh muscles in young healthy men (29). In
contrast to studies with DHEA, the levels of HDL cho-
lesterol declined slightly in the older men.

There have been no credible studies in adolescent ath-
letes nor do I think that one could ethically be done. The
overwhelming preponderance of the evidence in younger
and older adults does not indicate a salutary effect on
strength or athletic performance. On the other hand, many
athletes are taking androstenedione at unknown dosages
and a product of unknown purity and with many other
‘‘chemical’’ preparations. However, some of the impurities
may be on the banned list, as was found for a nandrolone
metabolite contaminating an over-the-counter preparation
of androstenedione (30). I suspect that no major harm is
being done to the adolescent except for the cost of the
product (and the resulting expensive urine), while the pro-
ducers are making large profits.

IX. GROWTH HORMONE AND INSULIN-
LIKE GROWTH FACTOR 1

Growth-hormone-deficient subjects are weaker and their
body composition has a higher percentage of fat than nor-
mals of the same body mass index. Therapy with growth
hormone (GH) increases strength and lean body mass. All
of these are desired effects in athletes. Growth hormone
is also likely to promote the anabolic state. Whether GH
will have these effects in highly trained athletes who al-
ready have a larger lean body mass, increased strength,
and little adipose tissue remains an open question. There
are no comprehensive studies of highly trained athletes
receiving GH supplementation. Growth hormone certainly
has been used in otherwise normal individuals, including
some with constitutional delay of growth and adolescence,
with obvious additional benefit over and above that of
puberty itself. Growth hormone is expensive (perhaps
$2,000–$5,000 per month, depending on the dose) and
many counterfeit products exist.

Another approach to increasing circulatory GH levels
is to use GH secretagogues: compounds that transiently
raise GH levels by a direct action on the pituitary or in-
directly via stimulating GH-releasing hormone or inhib-
iting somatostatin. These include the drugs levodopa,
clonidine, and perhaps glucagons and vasopressin. More
to the point of supplementation would be the use of the
amino acids arginine, ornithine, lysine, and tryptophan.
Under controlled conditions (often very high dosages
given intravenously), these amino acids have the capacity
to release a large pulse of GH acutely. However, because
of an absolute and then a relative refractory period for the
next (spontaneous) GH pulse, it is unlikely that the overall
GH secretory rate is increased for the full 24 h. The feed-
back loops conspire to downregulate endogenous GH re-
lease to compensate for the large additional, pharmaco-
logically induced, GH spike.

Although insulin-like growth factor 1 (IGF-1) theo-
retically might deliver what the athlete desires, that is, an
anabolic but nonandrogenic activity, there are two major
impediments to its widespread use: hypoglycemia from
large bolus injections and availability (and cost). There
simply is not a large enough supply of the peptide avail-
able and what is touted to be rhIGF-1 may be counterfeit.
There are no studies of IGF-1 to show an effect on athletic
performance or on strength, aerobic capacity, body com-
position, or bone mass in athletes. Theoretically, IGF-1
ought to be anabolic in adolescents, but does it cause
more than the natural changes surrounding peak height
velocity?

X. CONCLUSIONS

Supplementation (doping) in an attempt to increase ath-
letic performance has been used for centuries: potions,
caffeine, adrenergics, strychnine, amphetamines, anabolic
steroids, and peptides related to the growth hormone–IGF
axis have been used. Irrespective of the choice of the class
of the compound or specific agent, the science usually
greatly trails the hype and agents’ subsequent use. Some,
in fact are proven effective, for example, testosterone
(20,21), but the majority of supplements have not been
shown to increase anything, let alone athletic perfor-
mance.

The use of drugs to enhance athletic performance is
on the rise as more products become available not only
to aid performance but also to avoid detection in those
venues where drug testing is performed. One will note
that the issues of fairness, ethics, addiction, and the roles
of the enablers—coaches, trainers, and the medical com-
munity—have not been considered in this chapter. These
issues as a group are critical challenges to sport in general,
but are of even greater import as they apply to the
adolescent athlete whose growth, body composition, and
sexual development is not only incomplete but also at a
critical stage. Psychosocial development is also at a vul-
nerable state as the adolescent is trying to become an adult
with a set of moral and ethical values. What lifetime mes-
sages do we transmit by condoning these behaviors?
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I. INTRODUCTION

New findings on the genetic basis of endocrine disorders
are reported at an ever-increasing rate in a growing variety
of books, journals, and other periodicals. Unfortunately,
access to this and other current information on clinical
and laboratory findings of familial endocrine disorders,
and who performs genetic tests, cannot be found in a sin-
gle journal or text. Electronic databases are now providing
medical professionals rapid access to the bulk of current
information and data. These electronic databases can also
be searched in an interactive way for conditions that cause
symptoms and signs, to permit generation of differential
diagnoses that will often include rare or recently discov-
ered disorders that many endocrinologists probably have
never encountered. Access to and use of these databases
can enable all endocrinologists to more frequently diag-
nose cases and be aware of subtleties that differentiate
alternative diagnoses. These are important reasons to use
electronic databases. This chapter provides information on
how to use the World Wide Web for information about
genetic and hormone disorders.

A. Online Mendelian Inheritance in Man

Online Mendelian Inheritance in Man (1) (OMIM) is
maintained by the National Center for Biotechnology In-
formation (NCBI). It is available without charge at http:/
/www.ncbi.nlm.nih.gov/Omim. It is updated daily. In
March 2001, 12,379 entries were included. A wealth of
information is contained about the history, signs, symp-
toms, diagnosis, management, and research findings in
these 12,379 genes and genetic disorders, as are detailed
gene and disease focused maps. Access through hyper-
links to a variety of Web sites is another important
strength. These hyperlinks include MEDLINE, GenBank
retrieval system, Human Gene Nomenclature Home Page,

Online Mendelian Inheritance in Animals, The Alliance of
Genetic Support Groups, The Cardiff Human Gene Mu-
tation Database, MitoMap (the Emory University mito-
chondrial genome database), and databases on genes that
cause retinal diseases, and a variety of other locus-specific
databases. The utility of these databases and their hyper-
links in clinical applications will be illustrated in this
chapter.

B. Frequently Used Terms Related
to the Web

Knowing the definitions of terms that will be helpful in
using the World Wide Web (WWW) is a good first step
in learning how to use Web.

E-mail: Abbreviation for electronic mail. The use of
a network to send and receive messages.

HTML: Abbreviation for hypertext markup language,
which enables authors to insert hyperlinks. Click-
ing on a hyperlink displays another HTML doc-
ument. Therefore, in a hypertext system one can
navigate by clicking hyperlinks, which produces
a display of another document that also contains
selected hyperlinks.

Http: The Internet standard supporting exchange of
information on the WWW. Http enables the em-
bedding of hyperlinks in Web documents. Http
also defines the process by which a Web client
uses a Web browser program to generate a re-
quest for information and send it to a Web server,
which is a program designed to respond to Http
requests and provide the desired information.

Hypertext: A computer text form that allows readers,
by clicking on the hyperlink, to display another
HTML document that may also contain hyper-
links to other related documents.
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Internet: The worldwide system of linked computer
networks that facilitates data communication ser-
vices such as remote log on, file transfer, e-mail,
the WWW, and news groups. The Internet as-
signs every connected computer a unique Internet
address so that any two connected computers can
locate each other on a network and exchange
data.

Log on/log off: The processes of establishing/termi-
nating a connection with a network or computer.

Netscape Communicator: A package including a pop-
ular Web browser called Netscape Navigator that
is available for Microsoft Windows, Macintosh
computers, and a variety of Unix workstations.

Online information service: America Online (AOL) is
an example of a for-profit firm that makes current
news, stock quotes, and other information avail-
able to subscribers over standard telephone lines.

Surfing the net: Exploring the WWW by following a
series of hyperlinks of interest to the surfer.

URL: Abbreviation for uniform resource locator. On
the WWW, URLs are a string of characters that
precisely identifies an Internet’s resource types
and locations. The following fictitious URL iden-
tifies a WWW document (http://www.genetic.
edu). http:// indicates the domain name of the
computer on which it is stored; (www.genetic.
edu), fully describes the document’s location. In
addresses, small letters (www and http) are used.
In abbreviations not pertaining to addresses, cap-
ital letters may be used (WWW, Http, and
HTTP).

Web (World Wide Web, WWW): A global hypertext
system that uses the Internet-linked computer
network to facilitate data communication.

Web browser: A program that runs on an Internet-
connected computer and provides access to the
WWW.

Web server: A program that accepts Http-formatted
requests for information. The server processes
these requests and sends the requested document
to the connected computer requesting the infor-
mation.

Web site: A set of related documents making up a
hypertext presentation on the WWW. A Web site
usually has a welcome or home page that serves
as the initial document. By following instructions
on the home page, one can select and gain access
to the information and data included in the web
site.

II. USING THE WEB TO OBTAIN
INFORMATION FOR
DYSMORPHIC PATIENTS

A newborn baby is suspected of having some form of
dwarfism. Ventriculomegaly and short limbs, as detected

by fetal ultrasound, were noted at 20 weeks gestation.
Chromosome studies from amniocentesis revealed a 46,
XY pattern without any abnormalities noted. The fetal
head size at 30 weeks’ gestation as noted on ultrasound
was stated to be 35 weeks. The ventriculomegaly had re-
solved, and the limb lengths were those expected at 29
weeks. Physical examination detected macrocephaly,
macroglossia, downward slanting palpebral fissures, cata-
racts, and syndactyly of the second and third fingers.
Blood glucose was 28 mg/% (low).

The attending neonatologist believes that the baby
‘‘looks funny’’ and wants to know if you, the consulting
physician, think the baby has a syndrome. He wants to
know if the infant has this syndrome, how to confirm it,
and what is the expected prognosis?

You, as the consulting physician, are unaware of this
constellation of clinical findings and/or what syndrome
might be present but must solve the problem. You decide
to carry out a systematic search to obtain a list of possible
syndromes that share the infant’s signs and symptoms. To
do this, the first step is to carry out a keyword search.
Since the WWW might contain helpful information, you
initiate a search beginning with the OMIM database. Us-
ing the computer in the nursery, you open Netscape Com-
municator, America Online, or any Web browser available
on the computer, and type in the OMIM URL or address:
http://www.ncbi.nlm.nih.gov/Omim. The OMIM home-
page appears on the computer screen and you click on
‘‘Search the OMIM Database,’’ and then enter ‘‘macro-
cephaly’’ as a search term and press the ‘‘enter’’ key.
Ninety-nine disorders in OMIM have macrocephaly listed.
This is too many items to consider, so you repeat the
search using ‘‘cataract’’ as a finding, and 206 matching
entries appear. This number of disorders is also too long,
so you search using ‘‘syndactyly.’’ Your third search pro-
duces 184 matching entries—again too many. You then
decide to find out how many disorders have both mac-
rocephaly and cataract by typing both macrocephaly and
cataract, leaving a space between the two words (macro-
cephaly cataract) as a search string.

Only 11 entries are listed as having both of these
findings (see Fig. 1). These are #109400 basal cell nevus
syndrome (BCNS); *120140 collagen, type II, ALPHA-1;
COL2A1, #30700 hydrocephalus due to congenital ste-
nosis of aqueduct of Sylvius, HSAS1, HSAS, HYCX;
#156550 Kniest dysplasia; #194050 Williams-Beuren syn-
drome, WBS; *#231675 glutaricaciduria IIC; *231680
glutaricaciduria IIA; *300005 methyl-CpG-binding pro-
tein 2, MECP2; #300279 mental retardation, X-linked,
with progressive spasticity; #301050 Alport syndrome, X-
linked, ATS; #312870 Simpson-Golabi-Behmel syndrome,
type 1, SGBS1. Note that the entry numbers are in hy-
pertext (color) on the screen. By clicking on any of these
hypertext numbers, each corresponding entry is automat-
ically opened. To narrow further the number of matches
and focus your search, you add ‘‘syndactyly’’ and enter
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Figure 1 OMIM page shows results of search initiated using ‘‘macrocephaly cataract’’ as a search string.

‘‘macrocephaly cataracts syndactyly’’ as a search string.
Only one OMIM entry is listed for all three of these find-
ings: #312870 Simpson-Golabi-Behmel syndrome, type 1;
SGBS1.

You have done something remarkable. In less than 2
min, you have logged onto and searched a large electronic
database of genetic and endocrine disorders to generate a
successive series of progressively refined differential di-
agnoses. You open the single file (#312870 SGBS1) that
matches your search criteria (macrocephaly cataracts syn-
dactyly) by clicking your mouse on it, and the first of
seven pages of information on SGBS1 appears on the
screen for review (see Fig. 2). The clinical synopsis under
Table of Contents or the complete text of this entry can
then be reviewed. Note in Figure 2 that the Database
Links below the Table of Contents provide immediate ac-
cess to other databases, including MEDLINE. If you click
on the MEDLINE database link, you will automatically
see 28 publications on SGBS1. To see the abstract of any
of these, you can click on the author’s name in hypertext.
To see all articles that, in turn, are related to each publi-
cation, you can click on ‘‘See Related Articles,’’ which is
also in hypertext. Using these hypertext links, you can
obtain, select, and print the abstracts of any of the nu-
merous articles that constitute the published knowledge
about this disorder.

Since SGBS1 is a rare disorder that you may
have not seen previously, you want to know if there are
laboratories that can provide confirmatory tests. The
GeneTests database available at http://www.genetests.
org/servlet/access is a directory of laboratories that pro-
vide testing for genetic disorders (see list of selected Web
sites below). After you register with GeneTests, you are

given a password for professional users. Using this pass-
word, you can access and search the GeneTests database
for Simpson-Golabi-Behmel syndrome to find labs that
provide either clinical or research testing for this disorder.
In a matter of a very few minutes, you have generated a
working diagnosis (SGBS1); obtained information about
the pathogenesis, mode of inheritance, and findings as-
sociated with SGBS1; and gained access to a lab that can
help confirm the working diagnosis. Using this informa-
tion that you obtained from the Web in just a few minutes,
you feel much better prepared to talk with the neonatol-
ogist and the baby’s parents who are waiting for your
opinions.

III. HOW TO GENERATE A DIFFERENTIAL
DIAGNOSIS FOR A FAMILY HAVING
UNUSUAL ENDOCRINE PROBLEMS

A 15-month-old boy is referred to you by his pediatrician
who suspects he has growth hormone deficiency. The
child weighed 3.2 kg at full term following an uncompli-
cated pregnancy, labor, and vaginal delivery. His height
SDS is now �3.2, and his length since 5 months has
become progressively retarded. Your examination shows
the child is proportionate and his height and weight are
commensurate with each other. You note that his extrem-
ities appear normal in length, and you do not detect any
kyphosis, limitation of joint motion, or dysmorphic fea-
tures. His bone age is delayed greater than �2 SD. You
see no skeletal abnormalities. The serum thyroxin level is
abnormally low, but the levels of electrolytes, glucose,
urea nitrogen, bicarbonate and anion gap, calcium, phos-
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Figure 2 OMIM page shows first of seven pages of information on Simpson dysmorphia syndrome. Note Database Links
below Table of Contents that provide immediate access to other databases, including MEDLINE.
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phorus, and urine pH are all within normal limits. A 16-
year-old full sister reportedly had ‘‘panhypopituitarism’’
and she ‘‘didn’t go through puberty.’’ She was treated with
‘‘growth hormone, thyroid hormone and other shots to
make her grow and go through puberty.’’ The results of
previous endocrine blood tests on the 15-month-old show
low serum levels of gonadotropins and thyroxin. Com-
bined pituitary hormone deficiency is a logical diagnosis
for the 15 month old, since there is failure of response to
growth-hormone-releasing hormone (GHRH), thyroid-re-
leasing hormone (TRH), and leuteinizing-hormone-releas-
ing hormone (LHRH), and the magnetic resonance im-
aging (MRI) study reveals a hypocellular pituitary. This
working diagnosis also fits with the information known
about his 16-year-old sister.

You decide to perform a keyword search to produce
a differential diagnosis. To utilize the WWW to obtain
information on familial hormone deficiencies, you carry
out this search of the OMIM database. To do this, you log
onto the OMIM Home Page by entering the URL: http://
www.ncbi.nlm.nih.gov/Omim. You then click on ‘‘Search
the OMIM Database’’ with the mouse and enter ‘‘gh’’ as
a search term. Using gh as the search term gives 49 hits
(see Fig. 3). If you search using both gh and thyroid (gh
thyroid), only 11 disorders appear on the screen (see Fig.
4). Finally, if you add gonadotropin to your keyword
search (gh thyroid gonadotropin) only three OMIM entries
match: *173110 POU domain, class 1, transcription factor
1; POU1F1; #262600 pituitary dwarfism III; *601538
PROPHET OF PIT1, paired-like homeodomain transcrip-
tion factor; PROP1 (see Fig. 5).

The first entry (*173110 POU domain, class 1, tran-
scription factor 1; POU1F1) contains information about
the PIT1 transcription factor and includes the following
interesting paragraph under Clinical Features

‘‘Mutations of the POU1F1 gene in the human and
Pit1 in the mouse are responsible for pleiotropic de-
ficiencies of growth hormone, prolactin, and thy-
roid-stimulating hormone, while the production of
adrenocorticotrophic hormone, luteinizing hormone
(LH; 152780), and follicle-stimulating hormone
(FSH; 136530) are preserved. On the other hand,
patients with combined pituitary hormone defi-
ciency due to homozygosity or compound hetero-
zygosity for inactivating mutations of PROP1
(601538) cannot produce LH and FSH at a sufficient
level and do not enter puberty spontaneously (Wu
et al., 1998).’’

This latter entry sounds like a very good match to the
signs and symptoms of your patient.

The second entry (#262600 pituitary dwarfism III)
also contains interesting information in its first paragraph

Many patients classified as exhibiting panhypopi-
tuitarism probably have combined pituitary hor-
mone deficiency with sparing of adrenocorticotro-

pin. Mutations causing combined pituitary hormone
deficiency have been described in the PIT1
(173110), PROP1 (601538), HESX1 (601802), and
LHX3 (600577) genes. In addition to manifestations
of the deficiency of pituitary hormones, the LHX3
mutations are associated with rigid cervical spine,
and the HESX1 is associated with septooptic dys-
plasia (182230).

The third entry (*601538 PROPHET OF PIT1,
paired-like homeodomain transcription factor; PROP1) in-
cludes, as its first paragraph,

PROP1 has both DNA-binding and transcriptional
activation ability. Its expression leads to ontogenesis
of pituitary gonadotropes, as well as somatotropes,
lactotropes, and caudomedial thyrotropes. Inactivat-
ing mutations of PROP1 which have an autosomal
recessive mode of inheritance, cause deficiencies of
luteinizing hormone (LH; 152780), follicle-stimu-
lating hormone (FSH; 136530), growth hormone
(GH; 139250), prolactin (PRL; 176760), and thy-
roid-stimulating hormone (TSH; 188540).

This entry sounds like the best match for the signs and
symptoms of your patient.

Since this case fits the findings reported for PROP1
mutations, you decide to review the 1998 article by Wu
et al. On the Web, you can obtain a copy of the abstract
of this paper by clicking the mouse on either of the fol-
lowing: Wu et al., 1998 hypertext at the end of the par-
agraph cited above; or Wu et al., 1998 hypertext in either
the PIT1 (173110) or PROP1 (601538) entries. Then click
on the PubMed ID (9462743) that follows the reference
that appears. You will then see the abstract of the refer-
ence on your screen and you can print it. Since this is a
PubMed document, you can also save it as a file on your
computer as shown at the bottom of the page, or you can
order a complete copy through Lonesome Doc as shown
at the top. You can also obtain copies of articles by click-
ing on MEDLINE under ‘‘Database Links’’ that are just
below the Table of Contents of each entry (see Fig. 2). If
you do a PubMed search for ‘‘gh thyroid gonadotropin
familial’’ you will immediately find 16 related articles, of
which two of the first three contain information that you
may find helpful in your further evaluation and treatment
of your new patient (see Fig. 6). As in the first case, you
can carry out a GeneTests search to find a lab that can
carry out molecular analysis of the PROP1 gene (see
GeneTests in the list of selected Web sites below).

Now you have a working diagnosis (PROP1 defects),
information on the pathogenesis, mode of inheritance, the
findings associated with the disorder, and a way to find a
lab that could be used to help confirm your working di-
agnosis. Obviously, with this information in hand you feel
better prepared to talk with your patient’s parents and an-
swer their questions.
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Figure 3 OMIM page shows results of search initiated using ‘‘gh’’ as a keyword.
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Figure 4 OMIM page shows results of search done using ‘‘gh thyroid’’ as a search string.

Figure 5 OMIM page shows results of search initiated using ‘‘gh thyroid gonadotropin’’ as a search string.

IV. HOW TO OBTAIN INFORMATION ON
A CASE OF ENDOCRINE NEOPLASIA

You are asked to see a 42-year-old woman who has a
widely metastatic pheochromocytoma. Her history shows
that her father was diagnosed with medullary carcinoma
of the thyroid at 20 years of age. His thyroidectomy was
complicated by severe hypertension, which led to the dis-
covery of his also having had a pheochromocytoma. You
perform a keyword search to produce a differential diag-
nosis. You carry out this search of the OMIM database
using the terms ‘‘medullary carcinoma thyroid pheo-
chromocytoma’’ and obtain nine matching entries (see
Fig. 7).

The first matching entry (#171400 multiple endocrine
neoplsia, type II; MEN2) contains the following infor-
mation in its introduction:

A number sign (#) is used with this entry because
of evidence indicating that MEN2A results from
mutation in the RET oncogene (164761). Multiple
endocrine neoplasia, type IIA, is an autosomal dom-
inant syndrome of multiple endocrine neoplasms,
including medullary thyroid carcinoma, pheochro-
mocytoma, and parathyroid adenomas.

This suggests that you should consider MEN2, which is
caused by mutations in the RET gene.
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Figure 6 PubMed page shows results of search done using ‘‘gh thyroid gonadotropin familial’’ as a search string.
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Figure 7 OMIM page shows results of search initiated using ‘‘medullary carcinoma thyroid pheochromocytoma’’ as a search
string.

The second matching entry (*164761 RET protoon-
cogene; RET) begins with the following information:

Mutations in the RET gene are associated with the
disorders multiple endocrine neoplasia, type IIA
(MEN2A; 171400), multiple endocrine neoplasia,
type IIB (MEN2B; 162300), Hirschsprung disease
(HSCR; aganglionic megacolon; 142623), and med-
ullary thyroid carcinoma (MTC; 155240).

Since a RET gene mutation seems likely, before you
see your patient you want to know if there are laboratories
that can provide confirmatory tests. To get this informa-
tion you access and search the GeneTests database for
MEN2 and find the addresses, phone, and fax numbers of
several labs that provide testing for this disorder. This
testing involves sequencing of exons 10, 11, 13, 14, and
16 of the RET proto-oncogene, which include the sites of
common mutations that cause MEN2. In a matter of a
very few minutes, you have generated a working diag-
nosis (MEN2); obtained information concerning the path-
ogenesis, mode of inheritance, and the findings associated
with MEN2; and gained access to a lab that can help con-
firm your working diagnosis. Having this information you
feel much better prepared to talk with your new patient
to address her questions about the risk of her children
having a genetic predisposition to medullary thyroid car-
cinoma or pheochromocytoma. If she is found to have an
identifiable RET mutation, testing of her children would
be possible. If they test positive, prophylactic resection of
their thyroids could be offered as well as frequent screen-
ing for pheochromocytomas.

V. SELECTED WEB SITES ON GROWTH
AND HORMONE DISORDERS

American Diabetes Association (http://www.diabetes.
org). For professionals as well as lay individuals.
http://www.childrenwithdiabetes.com/index�cwd.
htm is the online community for kids, families,
and adults.

Chromosomal Variation in Man (http://www.wiley.
com/products/subject/life/borgaonkar/access.html).
A catalog of chromosomal variants and anomalies
that includes citations on all common and rare
chromosomal alterations, phenotypes, and abnor-
malities in humans. The database is organized by
variations and anomalies, numerical anomalies,
and chromosomal breakage syndromes.

Cytogenetic resources (http://www.kumc.edu/gec/
geneinfo.html). Database of normal and abnor-
mal karyotypes, empirical risks for chromosome
abnormalities, and maps of genes on chromo-
somes.

Dysmorphic Human-Mouse Homology database
(DHMHD) (http://www.hgmp.mrc.ac.uk/DHMHD/
dysmorph.html). Searchable database of pheno-
typic features that generates differential diagno-
ses of syndromes, and genetic and cytogenetic
disorders.

Endocrine Society (http://www.endo-society.org/). In-
formation on the Endocrine Society, fellow so-
cieties, organizations, and patient education
groups as well as resources for scientists and
physicians.
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GeneMap’99 (http://www.ncbi.nlm.nih.gov/genemap/).
Includes the locations of more than 30,000 genes
and provides an early glimpse of some of the
most important pieces of the genome.

GeneTests (http://www.genetests.org/servlet/access).
Contains a medical genetics laboratory directory,
genetics clinic directory, and disease information
through companion site (GeneClinics).

Genetic Alliance (http://www.geneticalliance.org).
Disease information as well as genetic support
groups to voice the common concerns of chil-
dren, adults, and families living with, and at risk
for, genetic conditions.

Genetic Conditions/Rare Conditions Support Groups
and Information Page (http://www.kumc.edu/gec/
support). For professionals, educators, and indi-
viduals seeking information on genetic disorders,
birth defects, and chromosomal disorders

Genetics Education Center (http://www.kumc.edu/gec/
geneinfo.html). Contains information on genetic
conditions; clinical genetics resources; clinical
genetic centers, departments, and clinics; genet-
ics education center; genetic courses, lectures,
and educational materials; ethical, legal, and so-
cial implications of the human genome project;
genetic computer resources.

Glossary of Genetic Terms (http://www.kumc.edu/
gec/glossary.html). Contains a variety of sites
that define and illustrate genetic terms useful to
clinicians, educators, and the lay public.

Human Genome Project Information (http://www.
ornl.gov/hgmis/). Contains information and edu-
cational materials on the Human Genome Pro-
ject, including pertinence to clinical medicine
and ethical, legal, and social issues.

Human Growth Foundation (http://www.hgfound.org/).
A lay organization established for parents and
friends of children with various growth distur-
bances including overgrowth, growth hormone
deficiency, Turner syndrome, and others.

Information for Genetic Professionals (http://www.
kumc.edu/gec/geneinfo.html). Contains informa-
tion on cancer, cytogenetics, genetics, hyperlip-
idemia, neurogenetics, single-gene disorders,
support groups, and genetic tests.

International Society for Pediatric and Adolescent Di-
abetes (http://www.ispad.org). News, member-
ship roster, meeting dates.

Lawson Wilkins Pediatric Endocrine Society (http://
lwpes.org). News, job listings.

Magic Foundation (http://www.magicfoundation.org).
A lay organization established for parents and
friends of children with various growth distur-
bances including overgrowth, growth hormone
deficiency, Turner syndrome, and others.

March of Dimes (http://modimes.org). Information on
birth defects for professionals and families.

MEDLINE PubMed (http://www.ncbi.nlm.nih.gov).
Provides access to a cornucopia of scientific and
medical publications in a searchable format. It is
available on the Web site of National Center for
Biotechnology Information.

National Association for Rare Disorders (NORD)
(http://www.NORD-rdb.com/�orphan). Database
of rare disorders includes symptoms, causes, di-
agnostic tests, and treatment for families and pro-
fessionals.

National Human Genome Research Institute
(NHGRI) (http://www.nhgri.nih.gov/). Contains
information on the Human Genome Project and
ethical, legal, and social implications.

NCBI Education (http://www.ncbi.nlm.nih.gov/
Education/index.html). Contains PubMed and
other tutorials.

NCBI Site Map (http://www.ncbi.nlm.nih.gov/Sitemap/
index.html). Contains over 60 links to databases
including genes and diseases, gene maps, muta-
tion databases, OMIM PubMed, and educational
sites.

Neurofibromatosis Homepage (http://nf.org). Con-
tains information about neurofibromatosis and
contacts for related resources.

OMIM (http://www.ncbi.nlm.nih.gov/Omim). Online
Mendelian Inheritance in Man contains textual
information, pictures, and reference information
on genes and genetic disorders containing clini-
cal findings, references, and gene maps. OMIM
has many links to NCBI’s Entrez database of
MEDLINE articles and sequence information,
and many links to other databases.

Policy Statements from the American Academy of Pe-
diatrics (http://www.aap.org/policy/pprgtoc.html).
Contains policy statements and guidelines on di-
agnosis and treatment of genetic disorders as
well as newborn screening.

Policy Statements from the American College of Hu-
man Genetics (http://www.faseb.org/genetics/
acmg/pol-menu.htm). Contains a variety of pol-
icy statements about genetic diseases, genetic
testing, and treatment of genetic disorders.

Primer on Molecular Genetics (http://www.ornl.gov/
hgmis/publicat/primer/intro.html). A Department
of Energy site that contains information on mo-
lecular genetics, genetic testing, and the Human
Genome Project.

Quackwatch (http://www.quackwatch.com/). Infor-
mation on health fraud and quackery as well as
alternative treatment, such as nutritional supple-
ments for Down syndrome.

Rare Genetic Diseases in Children (http://mcrcr2.med.
nyu.edu/murphp01/lysosome/lysosome.htm). In-
tends to publicize, educate, and refer those inter-
ested in or concerned about the various lysoso-
mal storage diseases.



Web-Based Information 933

Simulated Genetic Counseling Session (http://www.
kumc.edu/gec/gcsim.html). Online simulated session
that illustrates the process of genetic counseling.

VI. CONCLUSIONS

The World Wide Web is here to stay. It offers access to a
wealth of information on and differential diagnoses for
complex genetic and endocrine problems. In addition, to
information for the physician, the WWW can also provide
access to specialized lab tests and educational materials
for patients and their families. It behooves every physician
to capitalize on the resources that computer technology
can provide. As is true for most things in life, some effort
must be expended to develop the expertise to accomplish
these goals. We hope that the material in this chapter will
help readers to succeed in using the WWW to obtain in-
formation on genetic and hormone disorders.
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I. INTRODUCTION

Measurement of hormones has had a tremendous impact
on the diagnosis of endocrine disorders. Quantification of
basal hormone levels in a serial manner at different di-
urnal or night-sleep hours provides understanding in phys-
iological and pathological endocrine events. However, dif-
ferentiation between normal and abnormal endocrine
function may require dynamic tests to determine if feed-
back mechanisms are intact. By providing a stimulatory
agent such as medication, stimulation tests are used to
document hormonal deficiency as in presence of growth
hormone deficiency, adrenal insufficiency, or gonadal fail-
ure. Suppression tests are performed to determine the
presence of hormonal excess by evaluating functionality
of feedback mechanism, as in Cushing’s syndrome and in
acromegaly. The individual performing a test is referred
to the pertinent chapter in this book for an extensive re-
view of indications, precautions, and interpretations of re-
sults.

II. ROLE OF THE LABORATORY

A. General Considerations in Interpreting
Test Results

Several steps are needed to interpret test results, as well
as consideration of the units and reference values given
by the laboratory. First, the units reported can be classified
into two types: (1) mass-based units, usually used for
small molecules, such as steroids and thyroid hormones;
and (2) standard preparation-based units, usually used for

proteins. Both of these have specific problems. Most small
molecules are generally reported in mass units (e.g.,
ng/dl). The pure materials are readily available and in-
expensive; test solutions of known concentration can be
compared from laboratory to laboratory. Some laborato-
ries report results as ng/dl, and others use ng/ml. The Sys-
tem International (SI) is an effort to standardize scientific
nomenclature. Small molecules are now being reported in
SI units (moles per liter). When peptide hormones assays
were first established, pure materials were not readily
available and each laboratory generated its own standard.
To solve this problem, groups with international support
(National Institutes of Health and/or the World Health Or-
ganization) made large standard preparations and defined
the amount of active hormone present as an International
Unit (IU). As needed, a vial of the standard, with a defined
concentration in IU/l would be reconstituted. Over time,
the original international standards were depleted and new
standards were collected, but the new standards did not
have exactly the same amount of hormone as the old.
Thus, depending upon when a particular laboratory estab-
lished its assay, the normal values in IU will be different,
but each is properly called an International Unit. Hence,
knowing that a hormone is reported as IU/l does not spec-
ify the normal or expected values.

Another source of differences in laboratory results is
microheterogenicity. Many peptide hormones are glyco-
proteins with variable amounts of carbohydrate groups,
perhaps a partial cause of inactive or hyperactive mole-
cules. Because the epitopes frequently overlap with the
glycosyl groups, specific antibodies may be more (or less)
immunoreactive with the active hormone or with metab-
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olites or fragments, and the different standards may also
be more or less contaminated with metabolites or frag-
ments. As a consequence, the microvariation, immuno-
reactivity, and bioactivity correlate to a variable extent. In
summary, it is not sufficient to report results as IU/l be-
cause different IUs are in use. This problem becomes
more important if an endocrinologist is using several dif-
ferent laboratories, perhaps because of third-party pay-
ment or requirements.

The reference values are provided by the laboratory
and are used for comparison with a test result rather than
to identify normal from abnormal values. To have statis-
tical validity, reference values should be established from
a sample of 100–200 individuals without disease. The ref-
erence range is calculated considering 95% of all values
�2 standard deviations (SD). It is assumed that the sam-
ple population has a normal gaussian distribution. If a test
result is not between the reference parameters, different
possibilities such as disease, individual variation, different
populations, or use of medications may be considered to
determine if further action is needed. Reference values
including conventional, SI values and conversion factors
are available in Addendum 1.

B. Assay Format and Design

The most commonly used format (1) for antibody-based
assays is displacement analysis. With this format, a lim-
ited amount of antibody is allowed to bind to a limited
amount of specific tracer for the hormone, the antibody-
bound tracer is separated from the free tracer, and the
antibody-bound tracer is quantitated. If the tracer is a ra-
dioactive hormone, then the assay is classified as a radi-
oimmunoassay (RIA); if the tracer is a hormone coupled
to an enzyme, then the assay is classified as an enzyme
immunoassay. If the tracer is a fluorescent compound,
then the assay might be classified as fluorescent immu-
noassay. In each format, a standard curve is generated by
adding known amounts of unlabeled hormone and deter-
mining the decrease (displacement) in tracer bound to the
antibody. To determine the serum concentration of a hor-
mone, the observed displacement is compared to the stan-
dard curve. The important points to consider are that ad-
ditional amounts of antibody (or binding proteins) are
present in the serum or that there are closely related forms
of the hormone in the serum, then the assay result is un-
reliable. The forms can be closely related steroids for a
steroid assay; glycoproteins with differences in glycosyl
groups; closely related hormones, such as the activin-in-
hibin or luteinizing hormone–human chorionic gonado-
tropin (LH-hCG) pairs; or isoforms, such as the 20 K and
22 K isoforms of growth hormone. In each of these for-
mats, the least analytic precision occurs at the lowest con-
centration of analyte. Thus, alternative methodology must
be used if the clinically important analyte concentration
is at the lowest range of ligand concentration. In the en-
zyme-linked immunosorbent assay (ELISA) format, a

small amount of hormone is prebound to each well of a
96-well plate (or to a plastic or glass tube as an alterna-
tive). Then the standards and unknowns are added. The
hormone-specific antibody is added and allowed to react
with both the prebound and free hormone. More is bound
if there is less free hormone present. The amount of an-
tibody bound is then quantitated by a suitable technique,
typically by eliminating all unbound proteins and adding
a second antibody that is specific for the first antibody
and to which an active enzyme is bound. Finally, the
amount of active enzyme is specifically determined in
each well and compared to the known amount of hormone
added and to a standard curve generated for comparison
with the unknowns. This format is best used for assays to
detect the presence of important compounds.

In the immunoradiometric assay (IRMA) format, one
hormone-specific antibody is attached to the solid support.
The standards and unknowns are added, and a second hor-
mone-specific antibody is added. Note that the second an-
tibody used in IRMA is ligand specific rather than specific
for the first antibody, as would be the case in RIA or
ELISA. The second antibody is labeled with radioactive
tracer, fluorescent or other nonradioactive tracer, or an en-
zyme. After a suitable incubation period, all unbound ma-
terials are washed away. Only when the desired analyte
forms a bridge between the (first) antibody bound to the
solid support and the soluble (second) antibody is the
tracer or enzyme bound to the solid support and available
for detection. If a pair of epitopes is very closely spaced
on a ligand of interest, then the combination of antibodies
cannot be used in an IRMA. As a consequence of the
format, the amount of tracer bound to the bridge is ap-
proximately proportional to the amount of ligand present.
At high ligand concentrations, the amount of ligand can
exceed the amount of either one of the antibodies. This
leads to a so-called high-dose hook effect and results in
low estimations of ligand concentration. IRMA reagents
are generally more expensive than reagents suitable for
displacement analysis because of the requirement for two
matched specific antibodies. As a compensating advan-
tage, however, in contrast to displacement analysis, the
IRMA format has its greatest analytic precision at the low-
est analyte concentrations. The improved sensitivity at
low concentrations and the improved specificity inherent
in the method has led to widespread replacement of kits
for displacement analysis (including RIA) for all analytes
large enough for the generation of suitable antibodies.

C. Assay Specificity

The specificity of an assay (2,3), defined as the precision
of a method to measure correctly the indicated substance,
is limited by two factors: the amount and nature of sample
preparation, and the specificity of the antibody. Thus,
most laboratories minimize the first factor and rely on the
second as much as possible. The difference between an
alcohol and a ketone (such as between androstenedione
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and testosterone) generally permits a 10–50-fold differ-
ence in sensitivity based on a suitable antibody (a type 2
factor). Thus, for steroids present in similar concentra-
tions, an antibody can usually provide sufficient specific-
ity. In patients with biosynthetic defects, however, specific
intermediates may be present to 10,000-fold excess. For
example, an assay kit for testosterone would not be spe-
cifically tested or approved for use in children with con-
genital adrenal hyperplasia. At the time of diagnosis of
the non-salt-losing form (typically a boy 4–6 years of
age), 17-hydroxyprogesterone levels might exceed 50,000
ng/dl. Even if the testosterone antibody had only 1%
cross-reactivity with 17-hydroxyprogesterone, the contri-
bution of 17-hydroxyprogesterone to the apparent testos-
terone concentration would be 500 ng/dl, a level much
greater than the normal range for a 4–6-year-old boy. The
large amount of 17-hydroxyprogesterone would also serve
as a substrate for synthesis of testosterone. Thus, both
large amounts of testosterone and a cross-reacting steroid
may be contributing to the apparent hormone levels. Lack
of specificity can also be compounded because of age-
specific differences in secretion.

There are two different mechanisms by which binding
proteins can also contribute to the lack of clinical utility
of a particular assay. First, if the affinity constant of the
binding protein is comparable to the affinity constant of
the antibody, then it may interfere with the assay by pro-
viding additional binding sites. This would probably lead
to inappropriately low hormone levels. Second, because
the definition of a hormone includes passage through the
blood and control of the function of a second organ, serum
binding proteins (BPs) can interfere with or supplement
the activity of the parent hormone. For example, some
binding proteins increase the half-life of a short-lived hor-
mone (insulin-like growth factor, IGFBP-3); others in-
crease the amount present in the serum by increasing the
solubility of a lipophilic compound (testosterone–estra-
diol-binding globulin); others seem to have hormonal
functions of their own (corticosteroid-binding globulin).
Changes in binding protein concentrations can lead to
large changes in total hormone levels without correspond-
ing changes in free levels, which are presumably the ac-
tive form.

Although there is no mystery in immunoassay there
are many places for error, and no single laboratory value
should be considered diagnostic without confirmation.

III. PRACTICAL CONSIDERATIONS

Meticulous attention to detail, both in the selection of lab-
oratory tests and in the test room, are the keys to a suc-
cessful procedure. In particular, the most important de-
tails to evaluate are the sample size requirements, the
type of tubes (e.g., serum, ethylenediamine tetraacetic
acid [EDTA], or heparin) used to collect the blood, and
the specific sample-processing requirements, including

whether serum samples should be separated and if they
could, should, or must be frozen. In consultation with the
laboratory, one should determine the amount of serum re-
quired for each analyte and prepare a table listing the ex-
act time of sampling, the analytes for that time point, and
the amount of blood required by the laboratory. The
proper number and type of blood collection tubes should
be collected. Recall that if a mistake is made and inap-
propriate or inadequate blood samples are obtained, the
protocol will probably have to be repeated. Finally, ar-
rangements must be made to transport samples to the lab-
oratory in a manner that does not lead to degradation.

A. Mechanics

Successful testing is accomplished primarily through or-
ganization before the test. A tray should be prepared to
hold completed laboratory slips, the correct number and
types of tubes, labels, syringes, alcohol, arm board, and
tape. This allows methodical sampling throughout the test.
Normal saline lock is most often used and permits an in-
dwelling line for both withdrawal of blood samples and
delivery of medication with minimal discomfort to the pa-
tient. When using heparin lock flush (10 units/ml), a max-
imum of 1 ml is recommended. Withdraw and discard
1.0–1.5 ml from the line before sampling; after sampling,
the line may be cleared by injection of an equal volume
of the normal saline or heparin solution flush. An intra-
venous setup is a suitable alternative but leaves the patient
somewhat less comfortable during the protocol. In a child
younger than 4 years of age, it is appropriate to maintain
a separate intravenous line with normal saline, in addition
to the heparin lock, for emergencies during potentially
hazardous testing such as insulin tolerance protocols. Al-
though this may cause some added discomfort to the pa-
tient, loss of a line is common in young children and a
patent line is essential to address any untoward events.

The size of the heparin lock needle must be selected
on the basis of its intended use. A 24 gauge angiocatheter
needle in a scalp vein may be adequate for infusion for
an infant or young child; however, it is futile to attempt
to obtain multiple blood samples from such a small needle
or vein. Generally, a 22 or 23 gauge angiocatheter is ade-
quate for both infusion and sampling.

Many of the protocols for tolerance tests include an
overnight fast. Because the nothing by mouth order starts
after midnight, a snack should be given just before mid-
night, if the child is awake at that time. Otherwise, the
snack should be given at bedtime. For infants and very
young children, however, an overnight fast may be too
long. Therefore, the fast should conform to the child’s
eating patterns (i.e., an infant may be on a 3–4 h feeding
schedule). In general, to avoid unnecessary fasting by
young children, most tolerance tests should be started as
early in the morning as possible. If the test must be post-
poned, the child should be fed and refasted. However, if
a protocol is delayed, diurnal variation must be considered
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Table 1 Insulin-Like Growth Factor 1 (IGF-I)

Age
Males

(ng/ml)
Females
(ng/ml)

2 mo–6 yr 17–248 17–248
6–9 yr 88–474 88–474
9–12 yr 110–565 117–771
12–16 yr 202–957 261–1096
16–26 yr 182–780 182–780
<26 yr 123–463 123–463

From Ref. 6.

in the interpretation of the results. In most cases, medi-
cations that might interfere with the test should be dis-
continued for at least 1 week. If this is not possible, the
effects of the medication on the tolerance test must be
considered when interpreting the results. Other factors,
such as extreme agitation or exercise, can also affect the
results and should be noted.

A critical factor when conducting a tolerance test is
the total amount of blood that must be obtained if, as is
usually the case, multiple samples are required. Within a
2 week period, the usual guideline is a maximum of 5%
of the total blood volume, which is calculated by multi-
plying the body weight (kg) by 80 ml. Remember to in-
clude any other testing planned for the same time or
within 2 weeks of the tolerance test. If the amount re-
quired is more than 5% of the patient’s total blood vol-
ume, the protocol must be modified.

B. Person-to-Person Considerations

One of the greatest challenges is informing the parents
and the child about the purposes and mechanics of the
test. This must be done in terms understandable both to
the parents and to the child. Allow sufficient time for
questions and answers. While you are describing the test,
judge whether the parents should stay in the room with
the child during the test. In deciding whether to allow the
parents to stay, exercise discretion on an individual basis.

C. Time-of-Day Considerations

Most protocols are usually performed in the morning. Al-
most all of these tests should be performed while the pa-
tient is fasting, although there might not be any physio-
logical rationale for food restriction. As a consequence,
normal and expected values are all based on testing in the
morning. There are circadian rhythms in many hormonal
secretion patterns that can be superimposed on other pat-
terns. For example, LH and FSH are both secreted epi-
sodically with 90 min cycles, but the amplitude of the
cycle is increased in the morning. As a consequence, pi-
tuitary responses to gonadotropin-releasing hormone
(GnRH) may be different and basal testosterone levels are

higher in the morning and one cannot measure an acute
response to hCG. Adrenocorticotropic hormone (ACTH)
is also secreted episodically with a 90 min cycle, but ep-
isodes of secretion occur more frequently in the morning
and the ratio of cortisol to adrenal androgen secretion also
changes with time of day. Hence, if testing is or must be
performed at times other than morning, care must be used
in comparing observed values to expected values. The ex-
ception to this requirement is in young infants, in whom
circadian patterns have not yet been established.

IV. PRACTICAL PROTOCOLS FOR
DYNAMIC TESTING IN CHILDREN

A. Dynamic Tests for Growth
Hormone Deficiency

1. Screening Tests for GH Deficiency

a. Background. The most widely used screening
tests (4–8) to evaluate GH deficiency are serum insulin-
like growth factor-I (IGF-I) and serum IGF-binding pro-
tein-3 (IGFBP-3) levels. IGF-I (somatomedin C or sulfa-
tion factor) is secreted in the liver and cartilage in
response to GH and mediates many of the anabolic and
mitogenic actions of GH. The IGFs are mostly bound to
specific binding proteins designated BP-3. Serum levels
of IGF-I are age-, gender-, and nutrition-dependent in nor-
mal children with a sharp increase at the time of puberty.
IGF-I levels are not highly specific for GH deficiency.
Low serum IGF-I levels also occur in children with GH
receptor and/or postreceptor defects, thyroid disorders, de-
layed puberty, diabetes, and malnutrition. Serum IGFBP-
3 has less age, gender, and nutrition dependence than IGF-
I levels.

b. Indications. The diagnosis of GH deficiency in
childhood must be based on auxiological criteria. Candi-
dates for evaluation of the GH–IGF–IGFBP axis include
children in the lowest fifth height–growth or bone age
percentiles, when proper consideration is made for family
history; children with syndromes associated with short
stature; children who have acute changes in their growth
charts; and children who have sustained possible insults
to the pituitary, such as chemotherapy, radiotherapy, or
physical injury to the head.

c. Preparation and Medication. None is needed.

d. Sampling. A single sample is obtained at the
time of a routine patient visit. There is no time of day or
dietary restrictions. Some laboratories require plasma,
rather than serum, for IGF-I assays. Check with the lab-
oratory before collecting a sample. IGFBP-3 levels are
determined on serum. Thus, both serum and plasma may
be needed.

e. Normal and Expected Values (IGF-I Levels).
Normal levels (see Table 1) were determined by collecting
samples from children of normal height. However, the de-
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sired ideal test comparison is between children with short
stature without GH deficiency and children with short stat-
ure with GH deficiency.

f. Normal and Expected Values (BP-3 Levels). The
normal range is from 2.5 to 10 mg/dl, with a small de-
pendence, compared with the normal variation in RIA or
IRMA assays, on differences in age and gender. Serum
levels less than 2.4 mg/dl are associated with GH defi-
ciency. Slightly higher values occur at the time of puberty.

g. General Considerations. Although a major
screening tool for diagnosing GH deficiency, IGF-I has
limited sensitivity due to significant overlap with normal
values. Low levels of IGF-I may be found in normal chil-
dren, mainly under 5 years of age. About 50% of low
levels of IGF-I are not associated with GH deficiency but
with receptor and postreceptor defects. Furthermore low
serum IGF-I levels with normal GH secretory dynamics
may be indicative of other disorders associated with
growth failure, such as nutritional inadequacies, inade-
quate spontaneous GH secretion, and psychosocial growth
failure. Low serum IGFBP-3 levels are suggestive of GH
deficiency; however, up to 43% of normal short children
were reported to have low IGFBP-3 levels. In summary,
IGF-I and IGFBP-3 are helpful tests in the diagnosis of
severe GH deficiency, but their sensitivity and specificity
are still suboptimal.

h. Basic Physiology of Growth Hormone Secre-
tion. GH is secreted episodically with most episodes oc-
curring during rapid eye movement sleep (Chap. 3). Se-
rum concentrations are typically below the sensitivity of
most conventional assays (<1–2 ng/ml) (9–13). Random
serum samples (at least 90%) cannot be used to evaluate
GH deficiency. A variety of pharmacological agents have
been identified to induce GH secretion, and suitable dy-
namic test procedures have been developed. There are two
factors necessary for the evaluation of the response to
pharmacological stimuli for GH secretion: knowledge of
normal and inadequate responses to the particular proto-
col, and laboratory selection of methods and reagents for
the evaluation of serum GH levels. The pharmacodynam-
ics of GH secretion and metabolism determine the design
of the serum-sampling protocol. Episodes of active GH
secretion by the pituitary last about 5–10 min, and the
half-life of GH is 20–30 min. Thus, the specific protocol
for a tolerance test must collect serum every 20–30 min
to detect an episode of secretion.

i. Normal Values. Serum GH concentration over
10 ng/ml usually indicates adequate GH response to phar-
macological stimulation. A single value over 10 ng/ml is
sufficient to evaluate the response; there is not usually a
second serum sample with a concentration over 10 ng/ml
because GH concentration will decrease by half before the
next sample is obtained. At the present time, the generally
recognized criteria for GH deficiency are responses of less
than 10 ng/ml (or 10 �g/l) to two different pharmacolog-

ical stimuli for GH secretion. However the interpretation
of these values must be made in accordance with the
child’s data (see Chaps. 1–3). The stimuli can have their
effects at the level of the hypothalamus, pituitary, or both.
High serum glucose levels inhibit GH secretion. Thus,
each protocol must also include a significant period of
fasting before the test.

j. Expected Frequency of Inadequate GH Secretion
in Response to a Tolerance Test. Children with Prader-
Willi syndrome, Russell-Silver syndrome, Down syn-
drome, other syndromes associated with short stature,
Turner syndrome, or a history of cranial irradiation or
of treatments for leukemia have a very high frequency
(perhaps up to 100%) of inadequate GH secretion. Thus,
there should be a high index of suspicion for a diagnosis
of GH deficiency if a child also has one of these syn-
dromes. Children with GH deficiency frequently continue
to cross growth lines on growth charts and show signifi-
cant bone age delay.

k. General Considerations. The following sections
describe protocols for dynamic tests to evaluate the GH
secretory capacity of the pituitary gland. These tests are
expensive, not free of side effects, and require special con-
ditions. There are two major groups of GH tests: screening
tests that include exercise, levodopa, and clonidine; and
definite tests that comprise arginine, insulin, and glucagon
tests. Two different dynamic tests, sequentially or simul-
taneous, are required to confirm the diagnosis of GH de-
ficiency.

During the immediate period of prepuberty, differ-
entiating between growth hormone deficiency and consti-
tutional growth delay is difficult. Sex steroid priming with
testosterone or estrogen administered for Tanner stage I
or II is recommended before growth hormone testing. One
protocol for androgen priming is the administration of 100
mg depot testosterone 7–10 days before the actual GH
tolerance test. For girls and boys, some endocrinologists
prime with ethynil–estradiol. The protocol we use is 0.02
mg for children less than 50 pounds (23 kg) and 0.05 mg
for those over 50 pounds (23 kg) given 18 h, 12 h, and
1 h prior to start the test.

Pharmacological tests involving the use of potent
medications may mask the diagnosis of partial GH defi-
ciency. Caution must be taken in interpreting results in
obese children who undergo provocative testing for GH
secretion, due to a negative impact of adipose tissue on
GH secretion. Table 2 shows the protocols most com-
monly used in the assessment of GH secretion.

2. Arginine and Combined Arginine-L-Dopa
Test for GH Secretion

a. Indications. The arginine stimulant apparently
works by inducing insulin secretion and dopamine acts by
blocking somatostatin secretion. The combined test (14–
16) thus stimulates GH secretion by two separate mech-
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Table 2 Growth Hormone Stimulation Tests

Test Dosage Timing peak of GH Side effect

Arginine L-dopa Arginine hydrochloride
0.5 g/kg/IV to a maximum of 30

g over 30 min

30–60 min Late hypoglycemia

L-dopa
125 mg if body weight <13.5 kg
250 mg >13.5 <31.5 kg
500 mg >31.5 kg

Nauseas, emesis, headache

GHRH 1 or 2 �g/kg, IV bolus 15 or 30 min Flushes
Glucagon 0.03 mg/kg to a maximum of 0.1

mg IM/SQ
2–3 h Late hypoglycemia

Insulin-induced
hypoglycemia

0.05–0.1 IU/kg IV bolus 30–60 min Severe hypoglycemia requires
IV glucose

Not recommended in newborn
or small children

Clonidine 5 �g/kg to a maximum of 250 �g 60 min Drowsiness, hypotension
Exercise 20 min exercise 20–40 min postexercise Exhaustion-induced asthma

anisms. Perhaps as a consequence, the combined protocol
has fewer false-positive results than when either agent is
administered alone. The test is used primarily when a sec-
ond pharmacological test for GH secretion is required.

b. Preparation. Nothing should be given by
mouth after midnight or following bedtime snack. Have
arginine prepared for administration. Plan ahead: not all
pharmacies have stocks of arginine, and it may have to
be specially ordered in advance.

c. Medications. After the baseline serum sample is
obtained, arginine HCL (0.5 g/kg to a maximum of 30 g)
is administered intravenously over a 30 min period. If the
combined arginine-L-dopa protocol is used, L-dopa is ad-
ministered orally (PO) immediately after the baseline
blood sample is obtained. Then arginine is administered.
The dose of L-dopa should be as follows: 125 mg for
children less than 13.5 kg; 250 mg for children between
13.5 and 31.5 kg; and 500 mg for children over 31.5 kg.

d. Sampling. Blood for GH assay should be sam-
pled at 0, 30, 60, 90, and 120 min.

e. Special Considerations. As with the L-dopa pro-
tocol, nausea and vomiting frequently occur in toddlers.
Be prepared. Do not stop taking blood samples. Children
should be recumbent and may be given water throughout
the test.

3. Clonidine Stimulation Test for GH Secretion

a. Specific Indications. Clonidine is an alpha 2-ad-
renergic agonist (17–20) that increases the growth-hor-
mone-releasing hormone secretion, and inhibits somato-
statin-releasing inhibiting factor (SRIF). This agent is
probably the best choice for avoiding false-positive re-
sults. Children who fail to secrete GH in response to phar-

macological dosages of clonidine seldom secrete GH in
response to any other test.

b. Preparation. The patient should receive nothing
by mouth for at least 4–6 h before the test and is generally
not receiving other medications.

c. Medications. Administer clonidine, 5 �g/kg, af-
ter baseline sample is drawn, to a maximum of 250 �g.

d. Sampling. Blood for GH assay should be drawn
at 0, 60, and 90 min and blood for cortisol assay at 0 and
90 min. Usually the 60 min sample has the highest amount
of GH, the 90 min sample being about 30% lower.

e. Special Considerations. Clonidine is an agent
that lowers blood pressure. Blood pressure should be
monitored at 0, 30, 60, and 90 min. In young children,
clonidine frequently causes drowsiness, which lasts for
several hours. Parents should be aware of this possible,
transient side effect. Patients should have a place to lie
down and may sleep or lie quietly throughout the proce-
dure. Drowsiness may prolong the fasting period and may
cause hypoglycemia. The patient must be encouraged to
eat or drink after the test is finished. Water may be given
freely throughout the test period.

4. Dexamethasone Response Test

a. Indications. Dexamethasone (21–23) can be
used to induce growth hormone secretion with the same
time course as glucagon. When used in this way, dexa-
methasone administration has no reported side effects.
This test is not widely used for clinical purposes.

b. Preparation. Patients should fast after mid-
night.
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c. Medications. After collection of the baseline se-
rum sample, dexamethasone (2 mg/m2) is administered in-
travenously as a bolus.

d. Sampling. After bolus administration of dexa-
methasone, serum samples should be obtained every 30
min for 2 h, every 15 min for 2 h, and then every 30 min
for the fifth hour. The serum samples may be withdrawn
from a heparin lock.

e. Normal Values. A peak of GH secretion should
occur between 2 and 4 h after dexamethasone administra-
tion. The peak GH concentration should exceed 5 ng/ml
in normal individuals. In patients with GH deficiency, the
peak response does not exceed 5 ng/ml. Patients with obe-
sity may also respond poorly.

f. General Considerations. Patients can drink wa-
ter as desired throughout the test. At the conclusion of the
protocol, patients should be fed. Like the galanin test, this
protocol has not been widely utilized. Additional study is
necessary to improve the response pattern.

5. Exercise-Induced GH Secretion

a. Indications. This test is frequently used as a
screening test (24,25) to evaluate the need for more formal
testing for GH secretion. This is a suggested protocol to
take advantage of an active (hyperactive) child. Use cau-
tion with exercise-challenged children.

b. Preparation. The patient should have fasted for
3–4 h before the test.

c. Medications. None are needed.

d. Sampling. The stimulus is 20 min mild exer-
cise: going up and down stairs, running up and down the
corridor, and 20 min on an exercise cycle or bicycle. Final
heart beat should exceed 120 beats/min. Obtain blood
samples at the end of the exercise and at 20 and 40 min
after completion of exercise or severe crying episode.

e. General Considerations. Water should be pro-
vided freely, as requested. As soon as the first serum sam-
ple is obtained at the conclusion of the exercise period,
the child may eat and drink as desired. Most offices do
not have the equipment for an exercise test. The usual
occasion to use this protocol is a chance recognition of
exercise, inadvertently performed by an active young
child. Although the test is simple, safe, and inexpensive,
up to one-third of normal children have an absent GH
response.

6. Galanin Response Test

a. Indications. Galanin is a neuropeptide (26,27)
that participates in the regulation of GH secretion, appar-
ently in the hypothalamus. Thus, the response to galanin
tests the hypothalamus–pituitary secretary pathway. This
test is not widely used for clinical purposes.

b. Preparation. As with most of the pharmacolog-
ical tests to evaluate GH secretion, the test should be per-
formed in the morning after an overnight fast.

c. Medication. Galanin (p-galanin 1-29; Clinalfa
AG, Switzerland) is administered over 1 h as an intrave-
nous infusion at a total dosage of 15 �g/kg body weight.

d. Sampling. After a baseline sample is obtained,
the galanin infusion is started and additional serum sam-
ples are obtained every 15 min for 2 h.

e. Normal Values. The peak response occurs be-
tween 1 and 2 h after the start of the infusion. The ex-
pected peak response is a peak level greater than 5 ng/nl.
Note that the expected response is lower than with many
other pharmacological tests for GH secretion. Obese chil-
dren respond poorly or do not respond at all.

f. General Considerations. Patients may drink wa-
ter, if desired, during the test. At the conclusion of the
serum-sampling protocol, patients should be allowed to
eat. The only reported side effect is a temporary bad taste
when the galanin infusion is started. Galanin has fewer
side effects than either clonidine or insulin administration.
This may be due to the fact that galanin is a natural part
of the GH secretion mechanism. However, galanin is not
currently approved by the Food and Drug Administration
(FDA) as a pharmaceutical agent in the United States and
must be obtained as part of a research protocol at this
time. The protocol described here has not been standard-
ized for using galanin as an inducer for GH secretion.
Additional studies are needed to establish the validity of
this test.

7. GH-Releasing Hormone Test for Pituitary
Reserve for GH Secretion

a. Indications. Administration of GH-releasing
hormone (GHRH) evaluates the ability of the pituitary to
secrete GH directly (28–33). Due to fluctuations in so-
matostatin secretion, there is great variability in the GH
response. Thus, inhibitors of endogenous somatostatin
such us piridostigmin and arginine have been used to en-
hance the GH response and to reduce the intra- and in-
terindividuality variability. If a patient secretes GH in re-
sponse to GHRH but not to pharmacological stimuli that
function in the hypothalamus, then a defect in the hypo-
thalamus is indicated.

b. Preparation. The test should be performed in
the morning after an overnight fast.

c. Medication. Intravenously inject human pitui-
tary GHRH at a dosage of 1 �g/kg over a period of 1
min. The patient may experience some flushing immedi-
ately after the infusion.

d. Sampling. Serum samples for evaluation of GH
should be obtained at 0, 15, 30, 45, and 60 min. Earlier
protocols also collected a late sample at 90 min, but this
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does not seem to be needed because the peak generally
occurs within the first hour after administration of GHRH.

e. Normal Values. Children with pituitary defects
fail to secrete GH to a peak of 10 ng/ml. The peak serum
level usually occurs in the 15 or 30 min sample.

f. General Considerations. Most individuals with
idiopathic GH secretion have a defect in hypothalamic
regulation of pituitary secretion of GH. Hence, most pa-
tients secrete GH in response to GHRH but do not secrete
GH in response to normal physiological processes. High
endogenous (or exogenous) levels of somatostatin block
the effect of GHRH.

8. Glucagon Test for GH Secretion

a. Indications. This test is the best choice in
young children and infants (34,35). Glucagon induces GH
secretion by stimulating endogenous insulin secretion to
compensate for elevated serum glucose levels. It is a good
substitute for the insulin tolerance test that could be risky
in newborn and small children.

b. Preparation. Give nothing by mouth after mid-
night. Patients must have normal glucose reserves at the
start of the test.

c. Medications. After baseline sample is drawn,
glucagon is administered intramuscularly (IM) or subcu-
taneous (SQ) at a dosage of 0.03 mg/kg to a maximum
of 1 mg.

d. Sampling. For evaluation of GH secretion, se-
rum samples should be obtained at 0, 1, 2, 2-1/2, and 3
h after administration of glucagon. For other indications
for the glucagon tolerance test, different sampling proto-
cols are required. Be sure to collect the last samples.

e. Normal Values. At least one sample with a GH
concentration over 10 ng/ml of GH secretion usually oc-
curs between 2 and 3 h after glucagon administration.

f. Specific Considerations. The administration of
glucagon causes a temporary increase in serum glucose
levels. As part of the rebound process, insulin is overse-
creted and serum glucose levels decrease. Hence, a glu-
cagon tolerance test cannot be used as a stimulus for GH
secretion in individuals with a limited ability to secrete
insulin. Young children frequently experience nausea and
vomit during the course of this test. Be prepared.

9. IGF-I Generation Test

a. Indications. This procedure examines GH re-
ceptor function by evaluating its ability to increase serum
IGF-I levels (36–39). This test is useful for identifying
patients with GH resistance. There are major variabilities
in administration of GH, timing of samples, and cutoff
levels of the normal IGF-I response.

b. Preparation. No specific preparation is neces-
sary, but an adequate diet must be maintained.

c. Medications. Daily doses (4 or 7 day protocol)
of GH (0.025–0.05 mg/kg/day � 7 days or 0.1 mg/kg/
day � 4 days) are given SQ. Parents or guardians may
administer the additional GH injections.

d. Sampling. A baseline sample should be ob-
tained on days 1, 5, and 8 when using dosages of 0.025
or 0.05 mg/kg/day. If the 0.1 mg/kg/day GH dosage is
used, blood should be obtained before the first GH injec-
tion and 8–16 h after the fourth injection. Samples taken
on intermediate days are often helpful, but are not re-
quired.

e. Normal Values. In response to GH administra-
tion, serum levels of IGF-I should triple or increase to a
high normal level for age and gender. IGFBP-3 and the
acid-labile subunit are measured as well.

f. General Considerations. The GH should be ad-
ministered at the same time each day, either in the morn-
ing or in the evening. The dose administered is equivalent
to the normal daily secretion. There are no reported side
effects. Children who do not respond to GH administra-
tion with an increase in IGF-I levels are not good candi-
dates for GH therapy.

10. Insulin Stimulation Test for GH Secretion

a. Specific Indications. This test is generally con-
sidered the gold standard (40–42), but is risky and must
be done under appropriate surveillance. The mechanism
of stimulation is the counterregulatory response to insulin-
induced hypoglycemia. Although there are few children
with responses classified as false-negative, many children
have responses classified as false-positive. A false-positive
response is defined as occurring in a patient who fails to
secrete GH in response to insulin but secretes GH in re-
sponse to other pharmacological stimuli. In contrast, a
false-negative response occurs if a patient secretes GH in
response to insulin but does not secrete GH in response
to other pharmacological or physiological stimuli. False-
positive responses may be caused by insulin insensitivity,
which leads to an inadequate induced hypoglycemia. The
reserve of the adrenal cortex for cortisol secretion can also
be confirmed during this protocol. If cortisol reserve is
adequate, then at least one sample will have a cortisol
level over 20 �g/dl. This test is not recommended for
newborn or small children as they are more sensitive to
insulin, nor for those with suspected hypopituitarism with
risk of adrenal insufficiency.

b. Preparation. Give nothing by mouth after mid-
night. Calibrate and prepare for use a bedside device for
rapid serum glucose measurement. Prepare a 50% glucose
solution, and fill a 25 ml syringe. (Fill two syringes if the
patient is larger than 25 kg.) An intravenous line with
saline solution should be established in small children.

c. Medications. To start the protocol in children
over 4 years of age, 0.1 unit/kg regular insulin should be
administered. For younger children, a dosage of 0.05 unit/
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kg is usually sufficient. However, if used for infants, the
dosage must be one tenth (0.01unit/kg) and must be ad-
ministered under careful observation. It is preferable to
use glucagon or a different provocative test.

d. Sampling. Serum samples should be obtained
before insulin administration and then at 15, 30, 45, and
60 min. Serum glucose levels must be evaluated at the
bedside at each time point during the protocol. Glucose
levels must decrease by 50% of the initial value or to less
than 40 mg/dl. However, more severe hypoglycemia must
be avoided because it can lead to seizures, coma, or death.

e. Monitoring and Dangers of Hypoglycemia. At
the bedside, each blood sample must be immediately eval-
uated for serum glucose levels. It is not sufficient to send
the sample to the hospital laboratory. If a child shows
symptoms of hypoglycemia (blood glucose level less than
40 mg/dl, rapid pulse, diaphoresis, hot, and lethargic) and
the signs do not improve by the next scheduled blood
sampling, the 50% glucose solution should be adminis-
tered (1 g/kg) from the previously prepared syringes. If
this occurs, do not stop collecting serum samples accord-
ing to the protocol. After the test protocol is complete,
either administer the glucose solution (0.5–1.0 g/kg) or
require the patient to eat and ensure that a good meal is
ingested and not vomited. The patient must be monitored
until serum glucose levels return to normal. Water should
be provided as requested.

f. Normal and Expected Values. About 20 min af-
ter the glucose nadir there should be an episode of GH
secretion. The peak level should be above 10 ng/ml. In
some patients the response is delayed. Children with GH
deficiency have a response of less than 10 ng/ml. About
20% of children with short stature and severe bone age
delay can have a false-positive response.

g. Special Considerations. For the test to be valid,
serum glucose levels must decrease more than 50% from
the baseline or to less than 40 mg/dl. If signs of severe
hypoglycemia occur, administer glucose but continue to
collect serum for GH assay. Children with GH deficiency
frequently have enhanced response to insulin, thus making
them more likely to have an episode of severe hypogly-
cemia. Hence, this test requires the presence of either an
experienced nurse or a physician.

Shah et al. (37) recently reported three cases of iat-
rogenic illness as a result of tolerance tests for GH defi-
ciency (two with insulin and one with glucagon). Two of
the three children died as a result of hyperglycemic hy-
perosmolar coma, perhaps as a result of inappropriate
management after the test. Both children who died were
shown to have GH deficiency when the serum obtained
during the test was analyzed. Examination of the case re-
ports suggests that the coma may have been avoided had
immediate, appropriate action (not overreaction) been
taken by an attending physician. In each case, analysis of
serum samples showed severe hyperglycemia as a con-

sequence of excessive administration of glucose to treat
hypoglycemia or rebound hypoglycemia induced by the
tolerance test.

11. L-dopa Stimulation Test for GH Secretion

a. Indications. This test is frequently used (43) as
the second test necessary to confirm the diagnosis of GH
deficiency.

b. Preparation. Give nothing by mouth after mid-
night on the night before the test.

c. Medications. L-dopa is given orally immedi-
ately after the baseline blood sample is obtained. The dos-
age is as follows: 125 mg for children less than 13.5 kg;
250 mg for children between 13.5 and 31.5 kg; and 500
mg for children over 31.5 kg.

d. Sampling. Draw blood for GH assay at 0, 30,
60, 90, and 120 min.

e. Normal Values. At least one serum value should
be above 10 ng/ml. Usually, the samples with high levels
of GH are the last samples collected during the protocol.

f. Expected Values. If there is no sample with a
concentration of GH greater than 10 ng/ml, then the test
is diagnostic for GH deficiency.

g. Special Concerns. Nausea and vomiting fre-
quently occur in toddlers. Be prepared. Do not stop taking
blood samples. Children should be recumbent and may be
given water throughout the test.

12. Overnight Test for Spontaneous
GH Secretion

a. Indications. This procedure is used to evaluate
spontaneous GH secretion rather than secretion in re-
sponse to pharmacological stimulation (44,45). This is the
diagnostic test necessary to document inadequate sponta-
neous GH secretion or a neurosecretory defect in GH se-
cretion. This test is not used as often as it was used in the
past due to the cost, including admitting the patient to the
hospital overnight.

b. Preparation. Patients can be tested in the hos-
pital or at home with the aid of an experienced home care
service. In either case, patients should go to bed at the
usual time but not later than 11 p.m. A heparin lock can
be used to cause the least disturbance in sleep pattern.

c. Medication. No medication is needed as part of
the tolerance test.

d. Sampling. Serum samples should be obtained
every 20 min from 8 p.m. to 8 a.m., a total of 37 samples
over 12 h.

e. Normal Values. There are two criteria for eval-
uating the adequacy of overnight GH secretion: mean lev-
els, and number and height of episodes of secretion. The
mean level is the simple average of the 37 samples col-
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lected. This is a representation of the total amount of GH
secreted during the 12 h period. The evaluation of normal
values is confounded by practical and ethical considera-
tions: Institutional Review Boards (IRBs) do not permit
testing truly normal individuals. With this caveat, most
reports suggest a normal lower limit of the mean about 3
ng/ml. Means below this limit probably indicate inade-
quate physiological secretion.

The second method of evaluating results is after de-
convolution analysis using the Veldhuis and Johnson clus-
ter analysis program. The program permits the evaluation
of the number of episodes of secretion and the half-life
of serum GH. There should be 6–10 episodes of secretion,
with at least four peaks over 10 ng/ml. Fewer peaks of
lower peak height are consistent with the diagnosis of in-
adequate spontaneous secretion or neurosecretory defect.

f. Special Concerns. In view of the large number
of samples collected and the general limitation of using
no more than 5% of total blood volume for laboratory
testing in any 2 week period, it is frequently necessary to
limit the amount of serum obtained in each sample.
Hence, it is necessary to discuss with the laboratory the
absolute minimum amounts of blood necessary for each
sample. For example, if the laboratory requests 1 ml se-
rum for a GH assay, then each sample collected must have
2 ml whole blood and the total volume collected is about
75 ml. If the patient weighs 10 kg, then total blood vol-
ume is only approximately 800 ml and the amount nec-
essary would represent almost 10% of the total, which is
an unacceptable proportion. This test is difficult to per-
form, expensive, and unspecific. No normative data for
comparison purposes are available yet.

13. Combined Hormonal Stimulation Test

a. Indication. The combined hormonal stimulation
test (CHST) is used for evaluation of the pituitary function
by combined sequential hormonal administration in chil-
dren with pathological short stature (46). As many as 30%
of patients with growth hormone deficiency may have as-
sociated pituitary deficiencies. The CHST includes simul-
taneous assessment of the following axes: growth, thyroid,
gonadal, and adrenal. In prepubertal children, the assess-
ment of the gonadal axis can be eliminated unless LH and
FSH deficiencies are suspected.

b. Preparation. Indicate nothing by mouth after
midnight on the night before the test.

c. Medications. Sequential administration of insu-
lin, thyrotropin-releasing hormone, gonadotropin-releas-
ing hormone, and levodopa is required. First 0.1 unit/
kg body weight of regular insulin is infused intravenously
(IV) over 90 s. This is followed by 100 �g of gonadorelin
IV (10 �g/kg, max 100 �g), and protirelin (7 �g/kg to a
maximun of 400 �g IV) over 90 s. Afterward L-dopa is
given orally at the dosage of 125 mg for children < 13.5

kg, 250 mg for children between 13.5 and 31.5 kg, and
500 mg for children > 31.5 kg.

d. Sampling. The following table illustrates timing
for measurements of glucose, growth hormone, TSH, LH,
FSH and prolactin.

Time
(min) Glucose GH Cortisol FSH LH TSH Prolactin

0 X X X X X X X
20 X X
45 X X X X
60 X X X
90 X X X

120 X X

e. Special Concerns. For detailed information
about specific monitoring of each test, see the pertinent
section in this chapter. Special attention must be given to
hypoglycemia induced by insulin. There should also be
an assessment of the amount of blood required for all
these tests and the cost of performing them.

f. Normal Results. Normal values for each test are
described in each specific section elsewhere in this chap-
ter.

g. Special Considerations. There are potential
modifications to this test. The first is to perform the full
CHST as described but store the samples for measurement
of TSH, LH, FSH, and prolactin until GH deficiency is
confirmed, thereby reducing the expenses if the diagnosis
is not growth hormone deficiency. The second modifica-
tion is to select who will undergo the thyrotropin-releasing
hormone and/or gonadotropin releasing hormone test.
These tests provide an effective means of evaluating mul-
tiple pituitary functions in 2 h.

B. Tests for Thyroid Function

1. Calcium-Pentagastrin Test

a. Indications. This test is generally used for the
detection of thyroid medullary carcinoma (47,48) as part
of the work-up for multiple endocrine neoplasia (MEN)
syndrome. In patients with MEN who are at high risk for
the disorder, this test should be repeated on a yearly basis
to confirm that thyroid medullary carcinoma has not re-
curred.

b. Preparation. Patients should fast after midnight
or bedtime snack; water is permitted as desired. The test
should be performed with the patient in a supine position.

c. Medications. Elemental calcium (2 mg/kg) is
infused intravenously over 1 min; pentagastrin (0.5
�g/kg) is administered as a bolus immediately thereafter.
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The elemental calcium content of some common calcium
salts is calcium gluconate, 10%; calcium lactate, 13%; and
calcium chloride, 27%.

d. Sampling. Serum samples for calcitonin are ob-
tained at 0, 1, 2, 3, 5, and 10 min after administration of
both stimulants.

e. Normal Values. Normal values should be estab-
lished in conjunction with the laboratory.

f. Expected Values. An increase of five times over
the baseline level during the test is diagnostic of medul-
lary thyroid carcinoma.

g. General Considerations. The test protocol leads
to some minor discomfort. Infusion of calcium may be
accompanied by a mild generalized flush or feeling of
warmth, the urge to urinate, and a sensation of gastric
fullness. These symptoms are self-limited and usually do
not last longer than 5 min. Pentagastrin may cause some
discomfort in the pharynx and substernal and retrosternal
areas, a sense of gastric fullness, abdominal cramping and
nausea, and dyspepsia. These symptoms also last less than
2 min. It is extremely important to maintain patent intra-
venous access during the calcium infusion; infiltration of
calcium into subcutaneous tissue can cause tissue necro-
sis.

Screening for DNA mutations of the RET proto-on-
cogene is more sensitive in detecting medullar carcinoma
( Chapter 8). Measurement of plasma calcitonin after cal-
cium and pentagastrin provocative testing is still used for
detecting persistent or recurrent medullary thyroid carci-
noma (MTC) postoperatively.

2. Thyroid Suppression Test

a. Indications. This test is used in the diagnosis of
thyrotoxicosis (49,50). Radioiodine uptake by the thyroid
gland should be decreased by exogenous thyroid hormone
administration in a properly functioning gland. If uptake
continues after treatment with thyroid hormone, then the
gland is autonomous and the patient is at risk for thyro-
toxicosis.

b. Preparation. Medications that affect thyroid
function should be discontinued at least 1 week before the
test.

c. Medications. Triiodothyronine (75 �g; Cyto-
mel) is given orally daily (25 �g PO three times per day)
for 7–10 days.

d. Sample. Radioactive iodine uptake studies
should be performed before and after treatment.

e. Normal Values. Radioactive iodine uptake in
the thyroid should decrease by 50% of the initial value.
Failure to suppress is indicative of an autonomous gland.

f. General Considerations. No side effects of this
test have been reported. However, the test is contraindi-
cated during pregnancy.

3. TRH Test

a. Indications. The first generation of assays could
only quantitate TSH levels greater than 1 mIU/l. In many
cases, however, a TSH test does not differentiate between
hyperthyroidism and euthyroidism. In response to thyro-
tropin-releasing hormone (TRH) TSH is secreted, reach-
ing a maximal level 5–10 times the basal TSH level.
Thus, during a TRH tolerance test in euthyroid individuals
(51,52), serum TSH increases into the range that could be
detected by the assay methodology even though the basal
level could not be detected. In contrast, the TSH levels in
individuals with hyperthyroidism remained undetectable
or very nearly so. With the new third- and fourth-gener-
ation TSH tests, it is possible to evaluate very low levels
of TSH, and TRH is not longer used to evaluate hyper-
thyroidism. At the present time, TRH tolerance tests are
used primarily for evaluation of prolactin secretion or sec-
ondary hypothyroidism.

b. Preparation. The patient should discontinue all
thyroid medication and chronic aspirin therapy for at least
1 week before the test.

c. Medication. TRH (7 �g/kg up to a maximum of
400 �g) should be administered intravenously over 90 s.

d. Sampling. Samples should be collected before
the administration of TRH and at 15 min intervals for 1
h after treatment. Baseline samples should be assayed for
triiodothyronine and thyroxine. All the samples should be
assayed for TSH and prolactin.

e. Normal Results. TSH should increase to 5–10
times higher than the basal level. Prolactin levels should
increase to three to five times over basal levels, with the
peak secretion 15–30 min after TRH administration.

f. Expected Values. Individuals with hyperthyroid-
ism or secondary hypothyroidism do not raise their TSH
levels into the normal range. High basal prolactin levels
without increase during the tolerance test are suggestive,
but not diagnostic, of prolactinoma.

g. General Considerations. TRH may cause an in-
crease in blood pressure and is contraindicated in patients
with hypertension or cardiovascular disease. During the
infusion of TRH subjects may feel a strong urge to uri-
nate. Thus it is useful to suggest that patients urinate be-
fore the start of the protocol. Other side effects of TRH
infusion are nausea, vomiting, and facial flushing. These
effects only last for 30–90 s. Because of the nausea, an
overnight fast or omission of the last meal should be con-
sidered, although this is not specifically required for the
test.

C. Tests for Parathyroid Function

The following protocols were used to evaluate parathyroid
function before the availability of RIA tests for parathy-
roid hormone (PTH). At present, these protocols are oc-
casionally used to detect and evaluate minimal degrees of
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Table 3 Expected cAMP Values After PTH

Diagnosis

Cyclic AMP after
PTH infusion

(�mol)

Normal adults 3.90 � 0.35
Pseudohypoparathyroidism 0.63 � 0.12
Idopathic hypoparathyroidism 4.43 � 0.54
Pseudopseudohypoparathyroidism 2.98 � 0.49

dysfunction, perhaps associated with partial resistance to
PTH or partial protein S deficiency.

1. Ethylenediaminetetraacetic Acid Infusion Test
(53,54)

a. Indications. This test is a direct method for de-
tecting disorders of the parathyroid gland, including both
hypoparathyroidism and pseudohypoparathyroidism in its
different forms. Ethylenediamine tetraacetic acid (EDTA)
is a calcium-specific chelating agent. It is metabolized by
excretion in urine with its chelated cations, mostly cal-
cium. Thus, the infusion of EDTA leads to a decrease in
serum calcium levels; the response to this stimulus forms
the test. Under the regulation of hormones secreted by the
parathyroid gland, normal individuals respond to its stim-
ulus by mobilization of calcium stores and restoration of
serum calcium levels within 12 h.

b. Preparation. Patients should fast overnight be-
fore the test and should be recumbent for the duration of
the test.

c. Medication. Intravenous infusion of 50 mg/kg
trisodium EDTA in 300 ml 5% dextrose over 1 h period
is used. To reduce discomfort at the site of infusion, pro-
caine hydrochloride (1 or 2%) or lidocaine should be
added to the infusion. Care should be taken to ensure that
the tubing is primed with the anesthetic before the ad-
ministration of EDTA.

d. Sampling. Draw blood for calcium immediately
before EDTA infusion, immediately after infusion, and at
4, 8, and 12 h after the start of the infusion. Serum sam-
ples may also be assayed directly for parathyroid hormone
and calcitonin to differentiate the basis for the disorder.

e. Normal Values. Preinfusion calcium values
should be within the normal range for the laboratory. Post-
infusion levels should fall immediately by 2–3 mg/dl. The
failure of calcium levels to return to preinfusion levels
within 12 h after EDTA infusion is indicative of the lack
of proper function of the parathyroid hormone. Further
tests may be necessary to identify the exact nature of the
disorder.

f. General Considerations. Patients in whom cal-
cium stores may be challenged should be monitored care-
fully until normal serum calcium levels are restored. Par-
esthesias of the face and extremities may occur, and
patients should be forewarned. Positive Chvostek’s and/or
Trousseau’s signs may be seen at any time in the 24 h
period. Patients should be observed carefully for signs of
tetany; appropriate measures must be taken should tetany
or seizures ensue.

2. Ellsworth-Howard Test

a. Indications. The test is used to differentiate be-
tween hypoparathyroidism and pseudohypoparathyroid-
ism (55,57).

b. Preparation. All supplemental medications
used to treat hypoparathyroidism and pseudohypoparathy-
roidism, such as calcium or vitamin D, should be withheld
for 8–12 h before the testing period. Patients should be
fasted over the same period.

c. Medications. Over a 15 min period, PTH 200–
300 IU is administered intravenously in 50 ml normal
saline with 0.5% human serum albumin.

d. Sampling. Collect urine 1 h before PTH infu-
sion and for 5 h afterward. Assay for cyclic AMP.

e. Expected Values. Expected values are listed in
Table 3.

D. Tests for Prolactin Secretion

1. Dopamine Inhibition of Prolactin Secretion

a. Indications. Dopamine normally inhibits pro-
lactin secretion (58). Thus, this test is used when hyperse-
cretion of prolactin is suspected.

b. Preparation. Give nothing by mouth from mid-
night or after the bedtime snack.

c. Medication. L-dopa is given PO immediately
after the baseline blood sample is obtained. The dosage is
as follows: 125 mg for children less than 13.5 kg; 250 mg
for children between 13.5 and 31.5 kg; and 500 mg for
children over 31.5 kg.

d. Sampling. Draw blood for prolactin assay at 0,
40, 60, 90, 120, and 180 min after administration of L-
dopa. In view of the method of evaluation of the result,
two baseline samples should be obtained: one 15 min be-
fore and the second just before the administration of L-
dopa.

e. Normal Values. Prolactin levels should decrease
to less than 50% of the baseline value within 1–3 h. Lack
of suppression suggests autonomous or hypersecretion of
prolactin.

f. General Considerations. Nausea and vomiting
frequently occur in toddlers. Be prepared. Do not stop
taking blood samples. Children should be recumbent and
may be given water throughout the test.
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2. TRH-Induced Prolactin Secretion

a. Indications. This test is often used to confirm
abnormalities of prolactin secretion (59). Although the
mechanism is unknown, TRH stimulates prolactin secre-
tion.

b. Preparation. The patient should be off all thy-
roid medication and chronic aspirin therapy for at least 1
week before the test. For their own comfort, patients
should be requested to urinate before the start of the test.

c. Medication. After collection of a baseline sam-
ple, TRH (7 �g/kg up to a maximum of 400 �g) should
be administered intravenously over 90 s.

d. Sampling. Serum should be collected every 15
min for 1 h after administration of TRH. The samples
should be assayed for prolactin.

e. Normal Values. In children, prolactin levels
should increase three- to fivefold during the test. The peak
usually occurs at 15 or 30 min. Men have a similar re-
sponse. In women, the increase can be somewhat larger.

f. General Considerations. TRH may cause an in-
crease in blood pressure and is contraindicated in patients
with hypertension or cardiovascular disease. Because dur-
ing the infusion of TRH subjects may feel a strong urge
to urinate, it is useful to suggest urination before the start
of the protocol. Other side effects of TRH infusion are
nausea, vomiting, and facial flushing. These effects only
last for 30–90 s. Because of the nausea, an overnight fast
or omission of the last meal should be considered, al-
though it is not directly required for the test.

E. Tolerance Tests for Adrenal
Cortex Function

1. Basic Physiology of Adrenal Cortex Function
ACTH has two major effects on the adrenal cortex: it
serves as a growth factor, and it stimulates the secretion
of steroids. Within 15 min of an endogenous or exogenous
episode of ACTH secretion, the adrenal cortex secretes
cortisol in large amounts and smaller amounts of andro-
gens and intermediates. At the time of biochemical adren-
arche, the reticularis increases the production of DHEA,
but the serum level of DHEA-S is not increased during
an ACTH-stimulatory episode. Tolerance testing for the
adrenal cortex primarily involves testing for the adequacy
of cortisol production and for excessive production of ei-
ther intermediates of cortisol production or adrenal andro-
gens other than DHEA-S. Evaluating the adequacy of cor-
tisol production is one of the main purposes of ACTH
tolerance testing. Following are specific protocols to eval-
uate different aspects of adrenal function.

2. Dexamethasone Suppression Test (Overnight)

a. Indications. This test is a screening test for
Cushing’s syndrome or excessive cortisol and/or androgen

production (60,61). In women or girls with hirsutism, it
can also be used to differentiate between the ovary and
the adrenal as the source of excess androgen production.
If the source of excess androgen production is the ovary
or autonomous adrenal function, then androgen levels are
not suppressed by overnight dexamethasone suppression.
(Chap. 6).

b. Preparation. No specific preparation is needed.
The test need not be performed in the hospital. Dexa-
methasone can be provided to the parent, administered at
the proper time at home, and the child brought for serum
collection the following morning.

c. Medication. For children over 25 kg, prescribe
1 mg dexamethasone at bedtime. For children smaller than
25 kg, administer 0.5 mg dexamethasone at bedtime.

d. Samples. A single serum sample is obtained be-
tween 8 and 9 a.m.

e. Normal Values. The morning serum cortisol
level should be less than 2 �g/dl.

f. Expected Values. In the absence of extenuating
circumstances, serum cortisol levels in excess of 2 �g/dl
are abnormal and a physiological basis should be ex-
plored. Children with Cushing’s syndrome may have cor-
tisol levels after dexamethasone suppression as low as 4
�g/dl in the early course. This level should slowly in-
crease under the continuing ACTH-induced hyperplasia.

g. General Considerations. Most texts and review
articles suggest cutoff values of 5–10 �g/dl. However,
these values were obtained with chemical tests for cortisol
that were less specific than the RIAs now used. The use
of 2 �g/dl (more than 2.5 standard deviations above the
mean) might result in a few more false-positive results,
but it leads to fewer false-negative ones, which is the real
purpose of a screening test.

Dexamethasone suppresses ACTH secretion and
therefore prevents its function as a growth factor for the
adrenal cortex. Repeated administration leads to inade-
quate adrenal reserves.

3. Dexamethasone Suppression Test
(High-Dosage)

a. Indications. This test is used to define further
the control of cortisol secretion for individuals who do
not have adequate suppression with the overnight dexa-
methasone test (62,63).

b. Preparation for Part 1. No specific preparation
is needed.

c. Medication for Part 1. Dexamethasone, 20
�g/kg per day, to a maximum of 0.5 mg/dose, is given
PO every 6 h for 2 days beginning on day 3 of the test.
Older children and adults may be given 0.5 mg every 6
h for eight doses.

d. Sampling for Part 1. The 24 h urine collections
are started on day 1. Each urine sample should be assayed
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for 17-ketogenic steroids, urinary free cortisol, and cre-
atinine. Serum should be collected each morning and as-
sayed for DHEA-S and cortisol.

e. Normal Values for Part 1. The 17-ketogenic
steroids should fall to �7 mg/day (�3 �mg/g creatinine)
by the day of the test. Urinary free cortisol should be
suppressed by more than 50% in normal subjects.

f. General Considerations for Part 1. Food and
water should be available as desired throughout the test
period. The test can be done on an outpatient basis. Pa-
tients who do not suppress the urinary free cortisol levels
should be tested with high dosages of dexamethasone
(part 2 of the protocol). In general, if the results are not
available or are ambiguous, part 2 of the protocol should
be performed immediately.

g. Preparation for Part 2. Part 2 should be per-
formed immediately after completion of part 1 as days 5
and 6 of the combined protocol.

h. Medication for Part 2. Dexamethasone, 2
mg/dose, is given PO every 6 h for 2 days beginning on
day 5 of test.

i. Sampling for Part 2. The 24 h urine samples are
collected on days 5 and 6. Each urine sample should be
assayed for 17-ketogenic steroids, urinary free cortisol,
and creatinine. Serum should be collected each morning
and assayed for DHEA-S and cortisol.

j. Normal Values for Part 2. The 17-ketogenic
steroids and urinary free cortisol should be suppressed by
more than 50% even in subjects with adrenal hyperplasia
or Cushing’s syndrome. In patients in whom they are not
suppressed during part 2 of the protocol, the presence of
an independent, steroid-producing tumor must be ex-
plored.

4. Low-Dosage ACTH Stimulation Test

a. Indications. This test is used to evaluate the in-
tegrity of the hypothalamic–pituitary–adrenal axis adre-
nal reserve (64,65). Evidence supporting the use of a low-
dose (1 �g) ACTH test rather than the standard ACTH
test (250 �g) has increased over the past years. A low-
dose ACTH test has more sensitivity in detecting subtle
states of adrenal insufficiency and provides more physi-
ological concentration of ACTH.

b. Preparation. The patient should be off medi-
cations that interfere with ACTH secretion (glucocorti-
costeroids) for at least 1 week before the test. If the patient
has been receiving chronic steroid treatment, the with-
drawal process may take a few months.

c. Medications. In the morning, after collecting
baseline serum samples, a single intravenous bolus of 1
�g Cortrosyn is administered. Although a 1 �g ampule
would be desirable, this presentation is not available. We
advise dilution by the pharmacist following an established
protocol. Dilute the 250 �g vial with 10 ml NaCl (25

�g/ml) and take an aliquot of 0.2 ml. Diluted to 1 ml, this
will yield a final concentration of 1 �g/ml. Glass or plastic
tubes can be used.

d. Sampling. Baseline sample and additional sam-
ple at 30 min will be sent for cortisol measurement. Some
authors recommend a single sample at 30 min.

e. Normal Values. Various cutoff set points of se-
rum cortisol levels have been proposed to indicate normal
adrenal function. However, a cutoff of 600 nmol/l (22
�g/dl) is an optimal level with 100% sensitivity and 83%
specificity. High sensitivity of a test is preferred in life-
threatening conditions such as adrenal insufficiency.

5. Standard-Dose ACTH Stimulation Test

a. Indications. This protocol is used to evaluate
the adequacy of cortisol secretion and adrenal reserve, pri-
marily to eliminate a diagnosis of Addison’s disease or
congenital ACTH unresponsiveness (66–69).

b. Preparation. The patient should be off medi-
cations that interfere with ACTH secretion, especially
high-dose glucocorticoids or other steroids. High-dose
steroids must be discontinued for at least 1 week to permit
restoration of the normal biosynthetic reserve.

c. Medications. In the morning, after collection of
baseline serum samples, a single intravenous bolus of 0.25
mg Cortrosyn is administered.

d. Sampling. Before the administration of Cortro-
syn, a baseline sample is obtained. An additional sample
is collected 30 min after administration of Cortrosyn.
Each sample is assayed for cortisol, 17-hydroxyproges-
terone, progesterone, and 17-hydroxypregnenolone. The
exact interval between the administration of ACTH and
the second sample must be noted.

e. Normal and Expected Values. Cortisol levels
should exceed 16 �g/dl in either the baseline or post-
ACTH sample. Cortisol levels may not be decreased in
individuals with 21-hydroxylase deficiency. For evalua-
tion of 21-hydroxylase deficiency, the sum of the increase
in progesterone and 17-hydroxyprogesterone concentra-
tions is divided by the time between the samples. Indi-
viduals who are heterozygous for the congenital adrenal
hyperplasia (CAH) trait have responses between 9 to 30
ng/dl/min. Increases below 7 ng/ml/h are typical of nor-
mal homozygous individuals. For evaluation of 3,� -hy-
droxysteroid dehydrogenase deficiency, the ratio of 17-
hydroxypregnenolone to 17-hydroxyprogesterone levels is
considered. Normal individuals have a ratio of less than
10, and higher ratios are considered diagnostic.

f. General Considerations. However, because of
the variable timing of the morning endogenous ACTH
secretary episodes and the secretion of ACTH when a
child is frightened, the baseline values are often already
stimulated. Therefore a dexamethasone suppression test
should be continued as described below.
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Table 4 Expected Steroid Values

Steroid
Baseline

levels
Stimulated

levels

Normal individuals
Cortisol (�g/dl) �2 12–24
17-Hydroxyprogesterone (ng/dl) �50 50–150
Androstenedione (ng/dl) �50 50–200
Dehydroepiandrosterone (ng/dl) �200 400–800

Heterozygote for 21-hydroxylase
deficiency

Cortisol (�g/dl) �2 12–24
17-Hydroxyprogesterone (ng/dl) �50 150–500
Androstenedione (ng/dl) �50 50–200
Dehydroepiandrosterone (ng/dl) �200 900–1300

Individuals with 21-hydroxylase
deficiency

Cortisol (�g/dl) �2 12–24
17-Hydroxyprogesterone (ng/dl) �2000
Androstenedione (ng/dl) �50 50–200
Dehydroepiandrosterone (ng/dl) �200 900–1300

Individuals with 3 �-hydroxyste-
roid dehydrogenase deficiency

Cortisol (�g/dl) �2 12–24
17-Hydroxyprogesterone (ng/dl) �50 150–500
Androstenedione (ng/dl) �50 50–200
Dehydroepiandrosterone (ng/dl) �400 1600–8000

6. Dexamethasone-Suppressed ACTH
Stimulation Test

a. Indications. This protocol differs from the sim-
ple ACTH stimulation test by the administration of a sin-
gle dose of dexamethasone at bedtime before the test
(70,71). This step serves to block the normal morning ep-
isodes of ACTH secretion and eliminates the continuing
secretion of cortisol and its intermediates. As a conse-
quence, before the administration of ACTH, the adrenal
cortex synthesizes and secretes only small amounts of
steroids. Without the dexamethasone treatment, the so-
called white coat syndrome (fear of doctors) experienced
by many children leads to immediate ACTH secretion and
thus to high levels of steroids in the baseline samples. In
fact, on many occasions, the baseline samples have higher
levels of steroids than the samples obtained after ACTH
administration. In contrast, after dexamethasone pretreat-
ment, the presence of steroids in the baseline samples can
be attributed either to gonadal secretion or to ACTH-in-
dependent pathways. The protocol is used to confirm a
suspected diagnosis of complete or partial steroid biosyn-
thetic defects. The phenotype characteristic of heterozy-
gote carriers for 21-hydroxylase deficiency can also be
identified. The dexamethasone pretreated protocol was
specifically developed to overcome the variation in base-
line steroid intermediate levels caused by uncontrolled en-
dogenous episodes of ACTH secretion.

b. Preparation. A single dose of dexamethasone
(0.5 �g/m2) is administered just before the subject goes
to bed, usually between 10 and 11 p.m. Patients should
fast from the time of dexamethasone treatment until the
completion of the test. Water may be consumed as desired.
Menstruating women should be tested in the follicular
phase of the cycle.

c. Medications. In the morning, after collection of
baseline serum samples, a single intravenous bolus of 0.25
mg Cortrosyn is administered.

d. Sampling. Two baseline samples are obtained
15 min and right before the administration of Cortrosyn.
Additional samples are collected 30, 45, and 60 min after
the administration of Cortrosyn.

e. Normal and Expected Values. The test is eval-
uated by considering the difference between the baseline
and stimulated samples of steroid levels. The baseline
level is obtained by averaging the two baseline samples;
the stimulated level is the average of the two highest sam-
ples obtained after Cortrosyn administration. As a conse-
quence of the continued function of the long-acting syn-
thetic glucorticoid, the morning episodes of ACTH
secretion do not occur. Thus, baseline levels of steroid
intermediates are not elevated. Expected values are listed
in Table 4.

f. General Considerations. Girls (but not boys)
with idiopathic, premature adrenarche frequently have re-

sponse phenotypes similar to those of carriers for 21-hy-
droxylase deficiency. It is not clear whether the genotype
is also similar to that of carriers for 21-hydroxylase
deficiencies. About 15% of girls with features of hyper-
androgenism have steroid secretary patterns typical of
nonclassic 21-hydroxylase or 3,�-hydroxysteroid dehy-
drogenase deficiency. When older populations are tested,
the frequency of deficiency syndromes decreases, perhaps
because of prior identification of severely affected indi-
viduals.

After dexamethasone suppression, there are four com-
mon causes of elevated baseline levels of cortisol, andro-
gens, or steroid intermediates: the subject did not take the
dexamethasone; breakthrough ACTH secretion; gonadal
secretion of steroids; and lack of regulatory control, per-
haps caused by Cushing’s syndrome. If the subject does
not take the dexamethasone, the baseline samples are fre-
quently similar to stimulated values. Ovarian secretion of
17-hydroxyprogesterone, DHEA, and androstenedione is
most common in patients with polycystic ovarian disorder
or during the luteal phase of the menstrual cycle. The
source of excess steroids in the baseline samples can be
attributed to the ovary if the cortisol level is less than 2
�g/dl or less than 5 �g/dl in a woman taking birth control
pills. Finally, with the exceptions noted, baseline cortisol
levels in excess of 2 �g/dl are suggestive of Cushing’s
syndrome. Thus, the addition of dexamethasone pretreat-
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ment the night before the administration of ACTH in-
creases the validity of the entire Cortrosyn tolerance test
procedure.

7. Metyrapone Test

a. Indications. Metyrapone blocks the conversion
of 11-deoxycortisol (compound S or cortexolone) to cor-
tisol (72–74). The test is used to assess pituitary ACTH
reserve, adrenal insufficiency, and the extent of adrenal
suppression for patients receiving prolonged glucocorti-
coid therapy for any reason.

b. Warning. For patients in whom adrenal insuffi-
ciency (Addison’s disease) is suspected, an appropriate
steroid medication should be kept at bedside in case of an
adverse reaction.

c. Preparation. The patient should be off all med-
ications that interfere with ACTH production, including
glucocorticoids, drugs that accelerate the action of metyr-
apone (such as diphenylhydantoin), and drugs that alter
the concentration of 17-ketogenic steroids, such as peni-
cillin and its variants.

d. Medication and Sampling: 24 h Test. Metyr-
apone, 300 mg/m2 in children or 750 mg in adults, is
orally administered every 4 h for six doses. Basal 24 h
urine should be collected before the administration of
metyrapone and for the next 3 days. The urine is assayed
for creatinine and for 17-hydroxycorticosteroids. Serum
should be obtained 4 h after the last dose of metyrapone
and assayed for ACTH, cortisol, and 11-deoxycortisol.

e. Normal Values: 24 h Test. In normal individu-
als, 17-hydroxycorticosteroids levels should be greater
than 9 mg/m2/24 h during the metyrapone treatment.
Plasma cortisol levels should be less than 8 �g/dl, and
11-deoxycortisol levels should exceed 10 �g/dl.

f. Medication and Sampling. Single-dose test.
Metyrapone, 30 mg/kg to a maximum of 1 g, is admin-
istered as a single oral dose at midnight. Serum should be
obtained at 8 a.m. and assayed for ACTH, cortisol, and
11-deoxycortisol.

g. Normal Values: Single-Dose Test. The results of
the test should be considered in the following order: First,
ACTH levels should be elevated. Inadequate ACTH se-
cretion suggests inadequate pituitary reserve for secretion
of ACTH. Second, cortisol levels should be less than 8
�g/dl; higher levels suggest inadequate therapy (rapid me-
tabolism) or excessive production of cortisol, perhaps
caused by Cushing’s syndrome. Third, 11-deoxycortisol
levels should exceed 10 �g/dl; lower levels suggest ad-
renal insufficiency, caused by either lack of recovery from
high-dosage therapy or Addison’s disease.

h. General Considerations. Hypotension and vom-
iting may occur during the administration of metyrapone.
Transient vertigo may be avoided by administering the

drug with milk or a meal. Patient’s activity should be mild
throughout the day of drug treatment.

F. Tests for Pheochromocytoma

This diagnosis is frequently suspected but is actually very
rare in children. In this disorder, catecholamine secretion
from the adrenal medulla no longer responds to proper
hormonal regulation (Chap. 8).

1. Clonidine Suppression Test

a. Indications. Clonidine suppresses catechol-
amines arising from the sympathetic neuroendocrine sys-
tem but not from a pheochromocytoma (75,76).

b. Preparation. Nothing should be given by
mouth after midnight or for 10–12 h before the test. B-
adrenergic-blocking drugs should be discontinued 48 h
before the test; concomitant administration of these drugs
can lead to severe bradycardia and decreased cardiac out-
put. Adequate hydration must be maintained (or restored)
before the test because of the possibility of potentiating
hypovolemia.

c. Medication. Clonidine, 0.005 mg/kg to a max-
imum of 0.25 mg, is administered as a single oral dose.

d. Sampling. Draw blood for measurement of free
catecholamines (epinephrine and norepinephrine) at 0, 1,
2, and 3 h after clonidine administration.

e. Normal Values. By 3 h after clonidine treat-
ment, circulating catecholamine levels should decrease to
less than 500 pg/ml. Failure to suppress the circulating
levels is usually diagnostic of pheochromocytoma.

f. General Considerations. Because of the hypo-
tensive effects of clonidine, blood pressure should be
monitored during the protocol and the patient should be
in a supine position. Patients may become very drowsy
30–45 min after clonidine administration. Various clinical
laboratories have different instructions for the handling of
blood plasma for catecholamine assay. Refer to the spe-
cific laboratory you intend to use and their protocol.

2. Glucagon Test

a. Preparation. The patient should rest quietly in
a supine position without environmental stress or distrac-
tion (77). A heparin lock should be established at least 30
min before the start of the test.

b. Medication. After collection of baseline blood
pressure data and serum, the test is started by the intra-
venous administration of 0.5 mg glucagon.

c. Sampling. Blood pressure should be determined
10 and 5 min before glucagon administration and after 5,
10, 20, 25, and 30 min of glucagon. Plasma should be
collected for catecholamine levels at 0, 5, and 10 min after
glucagon administration.
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d. Normal Values. In normal patients, there should
not be a rise in blood pressure. If a 0.5 mg dose of glu-
cagon does not produce a rise in blood pressure, the test
can be repeated with 1 mg glucagon administered as an
intravenous bolus. A significant elevation in blood pres-
sure and catecholamines for 5–15 min after glucagon ad-
ministration is indicative of pheochromocytoma.

e. General Considerations. Patients must be su-
pine throughout the test period. Performing the test in a
darkened room without disturbance is often helpful. Var-
ious clinical laboratories have different instructions for the
handling of blood plasma for catecholamine assay. Refer
to the specific laboratory you intend to use and their pro-
tocol.

G. Test for Acromegaly: Glucose Test for
Suppression of GH Secretion

a. Indications. Individuals with autonomous GH
secretion do not blunt GH response to hyperglycemia as
occurs physiologically (78). This response is indicative of
GH excess, including acromegaly. It should be noted that
young infants and diabetics in poor control often have
paradoxical GH secretion. Elevated levels of IGF-I (>2
SD) are considered a good initial screening test suggestive
of GH excess. It is important to use age-referenced com-
parative values, especially when evaluating adolescents
who have highest levels among all age groups (Chap. 5).

b. Preparation. Overnight fast is prescribed before
the test.

c. Medication. After collection of a baseline serum
sample, glucose, 1.75 g/kg body weight to a maximum of
75 g, is given by mouth (Glucola, Trutol, or Dextol Cola
is commonly used).

d. Sampling. Serum should be obtained for glu-
cose and GH at the time of glucose administration and
every 30 min for 2 h.

e. Normal Values. GH levels should decrease to
less than 5 ng/ml. GH levels above 10 ng/ml confirm a
diagnosis of GH excess. Values between 5 and 10 ng/ml
are inconclusive.

f. General Considerations. As desired, patients
can drink water and walk during the protocol.

H. Tests for Regulation of Serum
Glucose Levels

1. Glucose Tolerance Tests

a. Indications. This test is useful for the evalua-
tion of impaired glucose tolerance and insulin resistance
or hypersensitivity (79,80). The test must include insulin
levels to make an accurate diagnosis. A new cutoff point
of less than 109 mg/dl is considered the upper limit of
normal fasting plasma glucose level (FPG). Impaired fast-
ing glucose (IFG) corresponds to a range of 110–126

mg/dl. FPG greater than 126 mg/dl indicates a provisional
diagnosis of diabetes mellitus, and must be confirmed on
a separate day. If the FPG is <126 mg/dl and there is a
high suspicion for diabetes, an oral glucose tolerance test
(OGTT) is indicated. The intravenous protocol should be
reserved for patients with gastrointestinal disturbances or
intolerance to oral glucose load. The intravenous protocol
may also be preferred when assessing insulin secretion
reserve or residual function of �-pancreatic cell in pa-
tients at high risk of developing diabetes or in patients
with diabetes if indicated.

b. Preparation. For 3 days before the test, patients
should be on a high-carbohydrate diet (at least 60% of
calories from carbohydrates). Patients should fast after
midnight or after a bedtime snack the night before the
test. Medications that may act as hyper- or hypoglycemic
agents should be discontinued.

c. Medication: Oral Protocol. After the baseline
serum sample is obtained, glucose solution, 1.75 g/kg
body weight to a maximum of 75 g, is administered as
an oral solution. Trutol, Glucola, and Dextol Cola are
commonly used commercial solutions.

d. Sampling: Oral Protocol. Draw blood for glu-
cose and insulin at 0, 30, 60, 90 min, and at 2, 3, and 4
h after glucose administration. Urine is measured for sugar
and acetone at each void throughout the protocol.

e. Expected Values: Oral Protocol. The criteria es-
tablished by the National Diabetes Data Group in 1979
have been revised by an International Expert Committee
sponsored by the American Diabetes Association.

2 h postload plasma glucose levels less than 140
mg/dl are normal.

2 h postload plasma glucose levels greater than 140
but less than 200 mg/dl indicate an impaired glu-
cose tolerance test.

2 h postload glucose levels higher than 200 mg/dl
indicate a provisional diagnosis of diabetes mel-
litus.

Impaired fasting glucose and impaired glucose tolerance
tests are associated with insulin resistance, obesity, dys-
lipidemia of the high-triglyceride and/or low-HDL type,
and hypertension.

f. Medication: Intravenous Protocol. After the
baseline serum sample is obtained, glucose, 0.5 g/kg body
weight, is given as an intravenous bolus over a 3–4 min
period. It is preferable to have two separate intravenous
lines, one for infusion of glucose and one for obtaining
blood samples. The first line may be discontinued after
the infusion is complete.

g. Sampling: Intravenous Protocol. Draw blood
for glucose and insulin at 0, 1, 3, 5, 10, 20, 30, 45, and
60 min after the start of the glucose infusion.

h. Normal Values: Intravenous Protocol. For
quantitative evaluation of the first-phase insulin response
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(FPIR), the parameter used is the sum of plasma insulin
values for 1 and 3 minutes (designated insulin [1� � 3�]).
Normal values for individuals over 8 years of age are
insulin (1� � 3�) > 100 �U/mL. Normal values for indi-
viduals between 3 and 8 years of age are insulin � (1� �
3�) > 60 �U/ml. Individuals at high risk for developing
diabetes mellitus have a low FPIR (<48 �U/ml).

The disappearance curve of glucose is plotted as a
function of time on semilogarithmic paper and the K value
(glucose disappearance rate) determined. K = 0.693 �
100/T1/2 where T1/2 is time in minutes for the glucose to
fall to half of its initial value. A K value less than 1.4
indicates impaired glucose tolerance in persons less than
50 years of age. Insulin levels should reach their peak
within 10 min of the start of the infusion.

i. General Considerations. Patients may drink wa-
ter and move about freely during the test. The test should
be postponed until 2 weeks after any acute illness. There
is a risk of hyperosmolality in patients with elevated base-
line blood glucose levels.

2. Hypoglycemia Workup

a. Indications. The following plan is valuable
when evaluating hypoglycemia in children (81–83). Hy-
perinsulinemia, glycogen storage disease, factitious hy-
poglycemia, carnitine deficiency, fatty acid oxidation dis-
turbance, and inborn errors of metabolism are indications
for the use of this workup. The protocol evaluates meta-
bolic changes that occur during a fast.

b. Preparation. The test should be conducted un-
der close supervision. For younger children, maintain a
separate intravenous line with 0.25 normal saline, in ad-
dition to the heparin lock, both for hydration and to ensure
a patent venous line other than the heparin lock. The pa-
tient should be on a high-carbohydrate diet (60% of cal-
ories from carbohydrates) for 3 days. The diet should in-
clude frequent feedings. No high-fat foods should be
allowed on the evening before the start of the test, and
the patient should fast after midnight or bedtime snack.
Test and prepare a bedside device to measure glucose
(Dextrostix, Chemstrip bG, or equivalent). In anticipation
of hypoglycemia, have at hand syringes prepared with
glucagon, 30 �g/kg, and 50% glucose, 1 ml/kg body
weight.

c. Medications. Glucagon, 30 �g/kg to a maxi-
mum of 1 mg, is administered by slow intravenous push.

d. Sampling.
Part 1. Approximately 4 h after fast is begun collect

baseline blood sample and administer the first glucagon
challenge. The baseline serum should be assayed for glu-
cose at bedside and the hypoglycemia panel (insulin, GH,
cortisol, venous blood gases, phosphorus, uric acid, lac-
tate, alanine, ketones, �-hydroxybutyrate, free fatty acids,
carnitine, and glucagon) at 5, 15, 30, and 60 min after

glucagon administration, draw and test blood for glucose
and insulin.

Part 2. All urine is collected and evaluated for ke-
tones and specific gravity. Every 2 h blood should be col-
lected and assayed for glucose at bedside. Every 4 h blood
should be collected and assayed for glucose and hypogly-
cemia panel at bedside.

Part 3. If at any time blood glucose is less than 40
mg/dl in whole blood (or less than 45 mg/dl in serum or
plasma) with or without symptoms, then confirm with lab-
oratory glucose measurement and assay for the hypogly-
cemia panel. Terminate the test with a 50% glucose so-
lution, 1 ml/kg as an intravenous push over a couple of
minutes. If severe symptomatic hypoglycemia and/or con-
vulsions occur at any point, collect the serum sample and
terminate the fast at once by administering the 50% glu-
cose solution, 1 ml/kg intravenously. The serum should
be assayed for the hypoglycemia panel and electrolytes.

If no hypoglycemia occurs within 24 h of the first
glucagon test, perform a second glucagon tolerance test
and terminate the protocol. If no hypoglycemia occurs but
the patient develops metabolic acidosis (HCO3 less than
15 mEq/l, with or without normal pH), repeat the gluca-
gon tolerance test and terminate the test.

Part 4. After the fast, you may consider the follow-
ing additional tolerance tests needed for further evaluation
of defective gluconeogenesis: 0.5 g/kg alanine, 1.0 g/kg
glycerol, and 1.0 g/kg fructose. In each case blood should
be collected at 0, 15, 30, 45, 60, and 120 min after ad-
ministration and assayed for glucose, serum ketones, lactic
acid, and �-hydroxybutyrate.

e. Normal Values. Glucose levels should remain
above 40 mg/dl throughout the 24 h fast. Episodes of
hypoglycemia are considered abnormal at any time
throughout the test, whether or not there are symptoms.
Episodes of GH secretion greater than 10 ng/ml should
follow about 20 min after any hypoglycemic episodes.
Cortisol levels of 8–20 �g/dl are normal under nonstress-
ful conditions. Under the conditions of this fast, levels
should increase by 10 �g/dl or exceed 20 �g/dl. In sam-
ples obtained during hypoglycemic episodes, low glucose-
insulin ratios (ratio of 3 vs. ratio of 6 as observed in nor-
mal individuals) are indicative of hyperinsulinism. The
concentration of metabolites must be considered to eval-
uate the pathophysiology of hypoglycemia in other pa-
tients.

f. General Consideration. Only children over 4
years of age should be submitted to the full 24 h fast
protocol. Patients must remain quiet but can sit in a chair
or lie down, as they desire. They can drink water and use
the bathroom freely. The intravenous infusion rate should
be adjusted according to water intake. Parents should be
encouraged to remain with the child, if this will lower the
child’s stress. If the patient fails to develop ketonuria dur-
ing the test, the possibility of surreptitious food intake
should be considered. Glucagon may cause some mild ab-
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dominal discomfort and/or nausea. Hence, it should be
administered by slow intravenous push. The patient
should be checked frequently for vital signs and symp-
toms of hypoglycemia, including convulsions, stupor,
tremors, coma, or decreased blood pressure. A flow sheet
should be maintained and all data recorded as rapidly as
possible.

I. Tests for Gonadal Function

1. Acute Response to hCG Administration

a. Indications. This protocol is useful to confirm
the diagnosis of nonclassic 17-ketosteroid reductase defi-
ciency, typically in a teenage boy with severe gyne-
comastia (84,85).

b. Preparation. The test should be performed in
the morning. Patients should eat a normal breakfast and
can continue to eat and drink as desired and as appropri-
ate.

c. Medications. At bedtime at home, the patient
should take 1 mg dexamethasone. In the morning (about
9 a.m.), the patient should receive 4000 IU hCG as an
intramuscular injection.

d. Samples. Serum samples should be obtained be-
fore the administration of hCG and 2, 4, 6, 24, and 48 h
later.

e. Normal Values. In normal males, the testoster-
one–androstenedione ratio increases in response to hCG.
The final testosterone levels should exceed 300 ng/dl,
which are adult normal levels. In patients with partial 17-
ketosteroid reductase deficiency, the sum of testosterone
and androstenedione concentrations equals the adult nor-
mal levels, but the ratio is about equal rather than in ex-
cess of 4:1.

f. General Considerations. The two major sources
of androstenedione are the adrenal gland and the testis.
Administration of dexamethasone serves to eliminate se-
cretion from the adrenal and thus permits monitoring of
testicular synthesis.

Compared with testosterone, androstenedione is the
preferred substrate for aromatization. Thus, the excess
production of androstenedione leads to excess production
of estrogens and the development of gynecomastia. Many
boys at puberty develop mild gynecomastia that disap-
pears as testosterone production increases. In normal in-
dividuals, the 17-ketosteroid dehydrogenase is substrate-
(androstenedione) and product- (testosterone) activated,
thus leading to complete conversion of androstenedione
to testosterone. However, the enzyme of some individuals
does not have the proper kinetic properties and does not
fully convert all androstenedione to testosterone. The in-
complete deficiency disorder is inherited as an autosomal
recessive trait. This test helps to identify these patients.

2. Tonic Response to hCG Administration

a. Indications. This test is used to aid in the di-
agnosis of vanishing testis syndrome, disorders of steroid-
ogenesis, micropenis, ambiguous genitalia, or other cir-
cumstances in which there is a question about normal
testicular function (86,87).

b. Preparation. No specific preparation is needed.

c. Medication. Four daily doses of hCG (5000
IU/m2 per dose) are administered as intramuscular injec-
tions. Alternative protocols use only 3000 IU/m2 every
day or every other day

d. Samples. A baseline serum sample and a stim-
ulated sample obtained 24 h after the last dose of hCG
should be assayed for testosterone and androstenedione.

e. Normal Values. Testosterone should increase to
normal adult levels or greater than 300 ng/dl. Andro-
stenedione should not exceed one-quarter of the observed
testosterone level.

f. General Considerations. Prolonged administra-
tion of hCG can lead to bone age advancement. Proges-
terone or other intermediates can be assayed if the testos-
terone response is inadequate.

3. Gonadotropin Sleep Study

a. Indications. This test is useful in patients with
suspected polycystic ovarian disease and in suspected
cases of precocious puberty (88,89).

b. Preparation and Medication. None is needed.

c. Sampling. Sample serum for LH and FSH from
the heparin lock every 20 min, overnight for up to 12 h.
In small children for whom the amount of blood drawn
may be a critical factor, the test may be modified by lim-
iting the period of sample collection and increasing the
interval to 30 min.

d. Normal Values. Normal, prepubertal children
have no nocturnal episodes of gonadotropin secretion.

e. General Considerations. There are no side ef-
fects of this protocol.

4. GNRH (Factrel) Response Test

a. Indications. The response to the administration
of gonadotropin-releasing hormone is useful for evaluat-
ing the role of pituitary dysfunction in children with pre-
mature or delayed puberty (90–93). Tolerance test re-
sponses can be used to differentiate central nervous
system dysfunction from peripheral dysfunction in pa-
tients with both premature and delayed puberty. In chil-
dren with premature puberty, peripheral dysfunction (tes-
totoxicosis, McCune-Albright syndrome, and ovarian
follicular cysts) is frequently associated with hypogo-
nadotropism, whereas hypergonadotropism can be caused
by central nervous system dysfunction (hamartoma or
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craniopharyngioma). In contrast, in children with delayed
puberty, peripheral dysfunction is associated with hyper-
gonadotropinism (Turner syndrome) and hypogonadotro-
pism suggests dysfunction in the central nervous system
(Kallman syndrome, Prader-Willi syndrome, and constitu-
tional delay). The test is also useful in evaluating the extent
of damage caused by radiation or chemotherapy in children
with leukemia or brain tumors. In this group, the results
can indicate the need for endocrine replacement therapy.

b. Preparation. Although not required, many phy-
sicians request that the patient fast overnight before the
test and the test be performed in the morning. Certainly,
there is time-of-day variation in the secretory pattern for
LH and FSH, and most of the normal data have been
collected in this manner. Thus, using a consistent protocol
makes easier the comparison of results to previous studies.

c. Medications. Administer an intravenous bolus
dose of 10 �g/kg to a maximun of 100 �g GNRH (Fac-
trel, Ayerst Laboratories, New York, NY).

d. Sampling. Baseline samples (n = 2) should be
obtained 15 min apart before the administration of the
GNRH. Stimulated samples should be obtained 15, 30,
45, 60, and 90 min after treatment. For comparison with
published values, the baseline samples and the three high-
est stimulated samples should be averaged. This protocol
minimizes slight variations in secretary pattern and in lab-
oratory values.

e. Normal Values. The response pattern changes
with age, gender, and development. After 6 months of age
and before puberty, basal levels for both LH and FSH are
frequently less than 2 IU/l. Stimulated levels less than 5
IU/l are indicative of hypogonadotropism, and levels in
excess of 50 IU/l are indicative of hypergonadotropinism.
With a few exceptions, the increase in both gonadotropins
should be similar in magnitude. Girls within a year of
menarche often have FSH levels about twice those of LH.
Individuals with mild or partial steroid biosynthetic de-
fects often have higher LH than FSH levels.

f. General Considerations. Patients need not re-
main seated but can walk about during the test. There are
many units for LH and FSH. Be sure to check that the

units reported by the laboratory are the same units used
for reporting normal values.

J. Test for Diabetes lnsipidus: Water
Deprivation Test
a. Indications. This protocol is most useful in the

diagnosis of diabetes insipidus and in differentiating
among neurogenic (hypothalamic central) diabetes in-
sipidus, nephrogenic (renal) diabetes insipidus, and pri-
mary polydipsia (inappropriate thirst mechanism or psy-
chogenic diabetes insipidus).

b. Preparation. No special preparation is neces-
sary. Treatment for diabetes insipidus with vasopressin,
desmopressin (DDAVP), or analogs should be discontin-
ued 48–72 h before the protocol. Careful attention to the
possibility of dehydration should be given after the med-
ications are stopped.

c. Medication. After obtaining the first pair of
urine and plasma samples, water and food are restricted
for 3 h. At the end of the period of restriction, a second
pair of urine and plasma samples is obtained. No food or
drink may be consumed during the protocol.

d. Sampling. Paired samples are evaluated for
urine osmolality (Uosm) and plasma osmolality (Posm).

e. Normal Values. At any time during the protocol,
baseline Uosm in excess of 400 mOsm/kg with normal
Posm (between 275 and 300 mOsm/kg) eliminates a di-
agnosis of diabetes insipidus. Baseline Uosm less than
300 mOsm/kg with normal Posm is consistent either with
overhydration or with diabetes insipidus. After the 3 h
water-deprivation period, individuals with overhydration
or with diabetes insipidus may still have Uosm less than
30 mOsm/kg. However, individuals with overhydration
have Posm between 275 and 290 mOsm/kg while Posm
remains above 290 mOsm/kg in individuals with diabetes
insipidus.

f. General Considerations. Some physicians have
extended the period of water deprivation to 7 h or even
longer. However, care must be taken to ensure that the
patient does not ingest water surreptitiously and/or does
not become dehydrated.
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Addendum 1 Reference Table for the Conversion of Current Units to SI Units

Substance
Conventional unit

(CU)
Conversion factor

(CF)
SI unit

(Cu � CF)

Aldosterone ng/dl 0.027 nmol/l
Androstenedione ng/dl 0.0349 nmol/l
Andosterone ng/dl 0.0349 nmol/l
Corticosterone ng/ml 2.89 nmol/l
Cortisol �g/dl 27.59 nmol/l
18-0H-corticosterone ng/dl 27.9 pmol/l
DHEA ng/dl 0.0347 nmol/l
DHEAS �g/dl 0.026 �mol/l
11-deoxicorticosterone ng/dl 0.0303 nmol/l
11-Deoxicortisol ng/dl 0.02886 nmol/l
Dehydrotestosterone ng/dl 0.0344 nmol/l
17-�-Estradiol (E2) ng/dl 36.71 pmol/l
Estriol (E3) �g/l 3.47 nmol/l
Estrone (E1) pg/ml 3.70 nmol/l
FSH mIU/ml 1 IU/ml
Glucose mg/dl 0.0555 mmol/l
Growth hormone ng/ml 1 mg/l
17-hydroxyprogesterone ng/dl 0.03029 nmol/l
Insulin-like growth factor-I ng/ml 0.1307 nmol/l
LH mIU/ml 1 IU/ml
Parathyroid hormone intact pg/ml 0.1053 pmol/l
Progesterone ng/dl 0.0318 nmol/l
Renin (plasma rennin

activity)
ng/ml/h 1 mg/l/h

Testosterone ng/dl 0.03467 nmol/l
Testosterone, free pg/ml 3.4673 pmol/l
Thyroglobulin pg/ml 1 mg/l
TSH mIU/ml 1 mIU/l
Thyroid of radioactive

iodine
% 0.01

Thyrotropin releasing
hormone

pg/ml 2.759 pmol/l

Thyroxine total �g/dl 12.9 nmol/l
Thyroxine free ng/dl 12.9 pmol/l
Transcortin mg/dl 10 mg/l
Triiodothyronine total ng/dl 0.0154 nmol/l
Triiodothyronine free pg/dl � 0.01536 pmol/l

Urine
Cathecolamine fractionated:
Norepinephrine mg/24 h 5.911 nmol/24 h
Epinephrine �g/24 h 5.458 nmol/24 h
Dopamine �g/24 h 6.528 nmol/24 h
17-hydroxycorticosteroids mg/day 2.759 mmol/day
17-ketosteroids (urine) mg/24 h 2.76 �mol/24 h
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Reimbursement Issues in Endocrinology:
A Coding Supplement
Bridget F. Recker
Staten Island University Hospital, Staten Island, New York, U.S.A.

I. REIMBURSEMENT

There are many so many issues related to reimbursement
that simply thinking about reimbursement could fill you
with dread. The complexities of practicing medicine, cod-
ing your services, and being reimbursed for your services
has led to the creation of many separate businesses. How
then can any practitioner not become overwhelmed with
the task?

There are over 7000 current procedural terminology
(CPT) codes and the International Classification of Dis-
eases 10 (ICD-10) is already in use. As soon as you learn
to assimilate all you need to know about documentation,
billing, and reimbursement, new, improved coding is im-
plemented. The basis for all coding and reimbursement is
reflected in the patients’ medical record documentation. If
it is not written down as being assessed, discussed, or
performed, it was not done. With audits being done rou-
tinely by third-party payers, the failure to recognize this
important factor and respond to it can be costly.

A sure sign that this problem is greater than us is the
number of companies that have sprung up to address your
practice nightmares. Companies that teach, assess, imple-
ment, and provide the actual services included in medical
practice management increase annually. Medicine has led
to the creation of an entire industry. I think the industries
supporting medical practices are doing better than the
medical practices, for they will not provide the service

The information in this publication is taken from publicly available
sources.
CPT codes, descriptions, and material only are Copyright 2001
American Medical Association. All Rights Reserved. No fee sched-
ules, basic units, relative values, or related listings are included in
CPT. The AMA assumes no liability for the data contained herein.
Applicable FARS/DFARS restrictions apply to government use.

without definite reimbursement dollars from the practice.
Unfortunately, medical practices are having greater fiscal
management problems than ever. When did you lose con-
trol over your fate?

II. CPT CODING

The CPT codes for medical and healthcare services
change annually. Many books define these codes and give
some examples. Since the codes are updated annually, you
need a new guidebook annually. If there is a new book
with updated codes and new rules, you have to learn how
to use them to your benefit. As you can see, without a
lot of work and learning, you can never know all about
coding.

CPT Codes are standardized five-digit codes describ-
ing the services provided during health care/medical en-
counters. Each encounter needs to be clearly documented
in the patient’s medical record. Documentation that re-
flects the stated billed codes must be written. The fact that
a code is published does not ensure that all insurers you
deal with will accept that code. Also, some patients’ pol-
icies may specifically exclude certain codes.

Making matters more mystifying is that some insur-
ance companies have created their own internal codes that
relate to published CPT codes. However, you are not
given the road map with which to decipher their system.
When a submitted code is queried or denied, it becomes
more difficult to understand what has been denied and
what has been approved for payment. With the CPT codes
being updated annually, little lag time is given for correct
coding. These updates attempt to stay current with trends
in clinical practice by adding, updating, and revising
codes to reflect changing technology and practice. Once
a code has been changed, you have a specific period of
time in which to update your billing system. When staff
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or billing services do not make the appropriate changes,
financial difficulties ensue. For instance, Medicare gives
you a definite date after which a code that has been
changed will no longer be recognized for reimbursement.
After that time, you are not able to appeal or recoup your
loses. Why would Medicare standards be important to
you? Because most third-party payers follow Medicare
rules within a short period of time.

The reimbursement schedule for services (CPT codes)
is driven by the Resource-Based Relative Value System
(RBRVS). These values are also updated annually and
published in the Federal Register. The Health Care Fi-
nancing Administration (HCFA) introduced RBRVS in
1992 to quantify health care and equalize reimbursement.
Under this system a national standardized fee schedule for
payments to physicians was enacted. In 2001 HCFA’s
name changed and is now known as the Centers for Med-
icare and Medicaid Services (CMS).

The RBRVS incorporates the cost of resources re-
quired including time, mental effort, practice overhead,
stress, technical skill, and malpractice costs. All of Med-
icare fees as well as the greater portion of private insurer
fees are now based on this system. Many third-party pay-
ers including Medicaid programs and managed care or-
ganizations are using variations of the Medicare RBRVS
to determine physician reimbursement and capitation
rates. Since the RBRVS fee schedule was developed for
Medicare originally, particular pediatric CPT codes and
practice expense issues were not addressed. Work on this
issue continues by the American Academy of Pediatrics.
CPT codes are the property of the American Medical As-
sociation.

There are also modifiers involved in CPT coding and
these are added like a suffix to a word. Success with CPT
modifier reporting requires a thorough review of CPT
guidelines and some detective work to identify heath plan
requirements for specific modifier codes. The modifier
that should be used most frequently is �25. It identifies
an evaluation and management service separately pro-
vided on the same day as a procedure. You should be
using this modifier more than you think. You should use
a separate ICD9 code for the office visit and the proce-
dure. There are also HCPCS codes, which represent non-
physician services such as medications, intravenous (IV)
solutions of varying volumes, sterile trays, supplies, and
durable medical equipment.

Handheld personal digital assistants (PDAs) can be
used with CPT software to customize practice coding, im-
prove record keeping (particularly in-patient data), and
improve billing. You can have at your fingertips the fields
necessary to capture important patient data and the coding
necessary to define your encounter. The downloading ca-
pabilities will forever free you from those little note pads
you try to keep track of and submit to the practice billing
office in a timely manner.

III. ICD-9 (ICD-10 COMING)

The International Classification of Diseases (ICD-9) (1)
documents specific diagnoses, signs, and symptoms.
Codes for special screening states, accidents, injuries, or
adverse events are included. ICD was developed by the
World Health Organization to accumulate and analyze in-
ternational morbidity and mortality data. In 1989, the gov-
ernment mandated the use of ICD-9 coding. It describes
the clinical situation the patient is in, thus giving third-
party payers a clinical picture of the individual. The ICD
code establishes the link with the CPT code. For instance,
a CPT code for a thyroid biopsy would never be reim-
bursed for an individual seen with an ICD code for a foot
infection. The link between these two entities does not
exist and the medical necessity of the procedure is not
established. ICD-9 is also updated annually with changes,
and now the new version of this the ICD-10 is on our
doorstep. ICD-9 and HCPCS codes are maintained and
regulated by CMS.

As an example, you see a patient every few months
or so for evaluation and management of hypothyroidism.
The simple ICD-9 code for this encounter and the one
most frequently used by most practitioners is 245.2 or
Hashimoto’s disease. But did the patient raise any other
issues you considered or evaluated such as brittle nails
(703.8), dry skin (701.1), puffy eyes (374.82), hair loss
(704.00), tiredness (780.79), abnormal weight gain
(783.1), or throat pain (784.1)? Perhaps one of the later
issues required the greatest amount of thought and dis-
cussion but you did not address the issue in the medical
documentation for the patient. Maybe one of the later is-
sues should have been the diagnostic code for the en-
counter, followed by the hypothyroid code. Such inclu-
sions could support the need for a higher use of evaluation
and management codes, requested follow-up appoint-
ments, and laboratory evaluations.

The ICD for mortality has been modified approxi-
mately every 10 years. The ICD-10 is the first revision
since 1979. Revisions are necessary for the same reason
that CPT codes are revised: to reflect changing medical
science and technology. ICD-10 varies from the previous
version (2) in detail: double the number of categories
listed, a change to alphanumeric coding, rearrangement of
chapters, addition of chapters, titles for cause of death
have been changed, and conditions reordered. Some of the
coding rules have also changed. Further information on
the states’ implementation of ICD-10 can be found at the
NCHS website.

IV. LINKING CPT AND ICD CODING

Creating the link between CPT codes and ICD codes is
essential for practice survival. If you provide prolonged
attendance to a patient, it must be linked to a specific
event. For instance, if a patient experiences hypotension
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during an arginine test, the ICD code for this occurrence
would be related to E944.5: an adverse effect of arginine
in therapeutic use. If a child experienced nausea or vom-
iting following levodopa administration, it would be a
toxic effect of levodopa: E936.4.

Evaluations of medical practices are challenging,
time-consuming, and costly. Clinicians do not always at-
tend to economic evaluations and this may lead to over-
looked clinical benefits and needless costs. Practitioners
need to be well informed and remain current in their
knowledge of CPT and ICD coding. The individual who
signs the bill is ultimately responsible for any bill sub-
mitted in their name. This responsibility lasts beyond the
signature and encompasses the entire billing process.
Practitioners need to audit their billing processes and react
to discovered inconsistencies. This in itself will improve
reimbursement.

V. COLLECTIONS

The collection process begins at the front desk. The im-
portance of this step in providing care and expecting to
be reimbursed for your skill is frequently undervalued.
Practices such as mailing a new patient packet prior to an
individual’s first office contact or requesting that an in-
dividual arrive early to complete necessary paperwork can
save time and prevent errors. Patients need to be clearly
informed in a professional manner as to exactly what the
office policy is regarding payment and reimbursement.
The patient information sheet should be reviewed and any
areas that have been omitted or are unclear should be clar-
ified. The front desk staff sets the tone for your office. A
calm, professional, relaxed manner will aid in collecting
needed payments from patients. The practice expectations
should be clearly stated, with all options for payment
given at the time of service.

Patient intake is the most important time frame for
timely reimbursement. Having correct information at the
start of every encounter will hasten reimbursement.
Forms, which maximize patient responsibility, must be
completed annually. Employees must be trained in the
correct policies and procedures of the office billing sys-
tem. They must be held responsible for knowing them and
for adhering to them. Control of patients at the front desk
is of paramount importance. Communication skills are es-
sential for discussing billing issues with patients and gain-
ing an understanding of and cooperation with even the
most unreasonable and difficult individuals encountered
in the process. Linking the salaries of individuals specif-
ically involved with the billing process to reimbursement
(accounts receivable) seems a win–win arrangement.

Talking money is extremely difficult and uncomfort-
able for most practitioners. Yet this is an extremely es-
sential skill. Presenting programs that may not be covered
by insurers should not determine their fate. Learning how
to talk to customers about these programs and get them

to commit to them can be as easy as selling vitamins.
When you know that an insurer does not cover a particular
service, let the patient know this up front and resolve the
payment problem prior to delivering the service rather
than after the service is given. There is a high price to
pay for insurance snags and the duplicate work effort re-
quired of your staff handling these issues.

Requesting payment in the right manner with the
right approach is essential and should be the only behavior
you accept from the front desk staff. It is difficult to un-
derstate the importance of this step. If reimbursement for
provided services is denied due to improper patient infor-
mation, the only one to blame for the delay in payment
is you. A copy of your practice’s general billing policies
should be given to patients both new and established. Pol-
icies should include the law regarding waiving copay-
ments and deductibles and any other insurer-specific pay-
ments. Exemptions to these policies due to financial
hardship would need to be clearly written and documen-
tation provided to analyze the situation fully.

VI. DENIAL AND APPEAL

Claims are denied at an almost predictable rate. Claims
are denied with the knowledge that most denials are ac-
cepted by practices without queries or action. It is as-
sumed that medical providers do not have the time,
knowledge, or experience to investigate the reason for or
purpose of the claims denial. Delayed insurance payments
weaken your practice financially. A thoughtful, established
plan to avoid this occurrence should be in place.

Explanations of benefits (EOBs) often state only
‘‘claim denied’’ and you have to guess at the reason for
the denial. Not accepting the statement that a claim is
denied is worth the time and effort to reply aggressively.
EOBs must be reviewed on a regular basis in order to
keep current with your practice reimbursement expecta-
tions. A thorough review of EOBs will help to identify
the particular insurer or code that is leading to decreased
revenues. Tackling the major problem and resolving it can
only spur you on to taking greater control of your prac-
tice’s future.

Numerous denials are overturned following the first
appeal letter. However, if not overturned you must con-
tinue to file appeals until you receive an acceptable an-
swer. It is important to keep the appeal active until it is
resolved. Once a practitioner or practice is noted to be
persistent regarding appeals, the carrier begins to recog-
nize them as someone who will follow through on the
appeal process. In this case, if cloudy issues arise on your
claims, they will most likely be paid so that the insurer
does not hear from you.

If your appeal was reviewed and remains denied, you
should request other individuals to review it, such as the
company president or legal counsel. Your letters to them
should be concise and state your case clearly. The person
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reviewing your claim may not have enough knowledge of
your specialty to have made an informed decision. You
may have other cases in which the same insurer approved
such treatment. You should try to speak on equal terms to
those in control of the appeal. Once an appeal moves up
to the next level, you must be diligent in addressing issues
on a like plane: physician to physician, or physician to
president or legal counsel, not physician to administrative
assistant or clerk. Recognizing that you are extremely
busy and time pressured, the importance of this task can-
not fall to anyone other than you. If it is not important
enough for you to get on the telephone, it will probably
not be important enough for them to reverse their decision
on the denial. You can also petition for a face-to-face
meeting, with support personnel invited, to further address
the issue under consideration. It is always prudent to re-
quest a written response to all issues and to keep all com-
munication filed.

As an example, arginine 10% intravenous solution
used in growth hormone evocative testing is an unlisted
drug in the CPT codes. If filed electronically, this charge
will automatically be denied as all unlisted codes are. This
claim must go to paper to be considered. Along with the
drug, the package label’s administration instructions
clearly state that the patient must be placed at bed rest for
at least 30 min prior to the infusion. This additional 30
min of professional time should therefore be included in
the fees for the test.

Another line of financial fallout is underpayment of
claims. Medical reimbursement rates are readily accessi-
ble to the public. Many companies can provide average
reimbursement rates (fee analyzers) broken down by CPT
code, medical specialty, and geographic location. Soft-
ware programs are also available to assist in this effort.
This is a robust tool to evaluate underpayment on claims.
This information can be used to appeal poorly paid claims
by attaching a letter with the usual and customary rate
and the reimbursed fee received. Knowledge of this
method of practice fee-setting is a concise way to nego-
tiate with third-party payers. It allows for an actual cost
of your services for each CPT code; this is then used in
contract negotiation. As your malpractice or overhead in-
creases, these increases can be factored into the CPT
codes equally. The recovered amounts can be amazing.
Looking for denied claims is not enough; you must look
for paid but lowered rates.

Timely filing is of the utmost importance. Filing
deadlines are becoming shorter and shorter.

VII. CONTRACTING

Conduct a managed care contract review. Providers should
understand the contract requirements and not participate
in those plans that result in additional costs. Review, and
get clarification if needed on, questionable terminology
and the dispute resolution procedures. When you sign

your name on the annual contract with third-party payers,
have you reviewed those fees for the services you provide
most along with evaluation and management codes? Often
when you are in larger practice groups, the decision-mak-
ers for the group are only interested in the higher re-
imbursed codes (such as surgical ones). Yet when your
specialty is reviewed, your receivables vs. cost are ques-
tioned. Maybe your evocative/suppressive testing codes
have been repeatedly denied or rates decreased without
you being aware of it. The fees for the codes you use
most are the ones you must review before signing any
annual contract. The information you receive may even-
tually lead your practice toward participating in plans that
will support your practice’s future as well as your patients’
care.

VIII. CHART REVIEWS

Third-party payers and managed care organizations are
conducting chart reviews and grading physicians on their
findings. They are only interested in what was actually
written down—documented—in the medical chart. They
rate their reviews on the quality of the care you provide.
They look for continuity of care including follow up and
review of all received reports and records. Audits can lead
to fines equal to or greater than the overpayment the re-
viewers believe you received. The process takes time and
creates an enormous amount of stress for you and your
staff. Preprinted flow sheets and checklists, which corre-
spond to evaluation and management code components,
will help avoid undercoding and overcoding errors. Re-
member: if it is not documented, it was not done.

IX. STIMULATION TESTING

Receiving reimbursement for stimulation/evocative testing
is a function of staffing, setting, time, and the payer. It is
a constant struggle in most offices to test patients in a safe
environment and receive reimbursement for your time,
knowledge, blocking of the test room, and monitoring. Al-
though the American Association of Clinical Endocrinolo-
gists (AACE) has the creation of an evocative/suppressive
testing code (CPT) on their agenda of tasks to accomplish,
it is not at the forefront of current discussions.

A standardized protocol for the evocative/suppressive
testing should be in place. Space and time for performing
the test should be available. There are many facets to an
evocative/suppressive test, including:

Intravenous access
Administration of agents of stimulation/suppression

and flush solutions for multiple draws (intrave-
nous, subcutaneous, oral)

Repeated line access
Timed specimen collection
Patient monitoring



Reimbursement: Coding 963

Example: Evocative/Suppressive Test Coding

Arginine/Growth Hormone Evocative Test

CPT code Description

99211–99215

�25 modifier

Office/outpatient evaluation and manage-
ment; established patient

Separate E&M same day as procedure
90780 IV infusion; up to 1 h
�90781 IV infusion; each additional hour to 8 h (i.e.,

normal saline drip infusion during test)
J3490 Unlisted drug—Arginine
90784 IV injection—� how many times
J1642 Heparin lock drug—� how many times/units
99000 Handling/transport of specimens

When a physician, nurse practitioner or physician’s
assistant performs the testing, the prolonged services
codes can also be used based on the amount of total face-
to-face time delivered.

Know the rules for coding evocative/suppressive test-
ing. Supplies and drugs should be coded, physician atten-
dance if required should be documented and coded,
prolonged physician attendance codes are not reported
separately if prolong infusion codes are used, and J codes
are used to report injectables. It is better to give the patient
a prescription for the medications to be used to cut down
on practice expenses and the reimbursement follow up.

If reimbursement for testing in your practice area is
insufficient, you may need to consider other options. One
option is to meet with and negotiate with the insurer to
evaluate the issue further. Provide information concerning
the medical necessity of the procedure, the testing proto-
cols, and any supporting information relating to specific
patient cases. You may need to write a letter to the medical
director of the health care plan clearly stating the need
and the amount of financial remuneration requested. If the
reimbursement dilemma cannot be resolved, a practice
policy will have to be decided upon defining under which
circumstances testing for membes of those insurers are
performed.

X. DIABETIC EDUCATION

Many health plans have limited or no coverage for dia-
betes training and supplies. Some providers have agree-
ments with insurers to provide for these services. Com-
panies are reviewing outcome measures of diabetes
programs such as hemoglobin A1C, eye evaluations, lipid
management, and timely monitoring of diabetes compli-
cations. They are making reimbursement based on chart
audits of these elements. The problems are great and the
possible solutions worrisome.

As Medicare sets guidelines for reimbursement linked

with American Diabetes Association recognition pro-
grams, there are other movements afoot. Pharmacists, in
many instances, are being given the pivotal role in dia-
betes education. Mississippi pharmacists are receiving
payments from Medicaid for providing diabetes care to
patients. A major insurer in New Jersey that covers near
1 million lives has contracted with a network of phar-
macists for diabetes self-management education. The De-
partment of Veterans Affairs is already using its pharma-
cists to manage diabetes as well as other chronic diseases.
The move is on to improve patient outcomes while pro-
viding services, especially in the chronic disease manage-
ment arena. Codes and reimbursement rates are being es-
tablished for pharmacists. They will not need years of
study or extensive knowledge of diabetes to reach a level
of skill necessary to provide and be recognized for re-
imbursement dollars. Pharmacists’ time will be valued and
compensated. This recognition for pharmacy reimburse-
ment has become known as medication therapy manage-
ment services (MTMS). The American Society of Con-
sultant Pharamcists has developed a new payment formula
for Medicare/Medicaid pharmacy services (3). The fee
would be derived by recognizing the product cost, admin-
istrative overhead, dispensing fee, and professional ser-
vices. Does this sound familiar? HCFA appears willing to
accept pharmacists as providers of disease management
services. The American Medical Association administers
the CPT codes and will therefore work with the pharmacy
organizations to develop billing codes.

An article in Drug Topics (4) reported some interest-
ing findings. Pharmacists responding to a questionnaire
(17% response rate) reported that 52% had stopped doing
business with a third-party payer. The reason cited by 89%
of these pharmacists was low reimbursement rates. Ad-
ditional issues noted included slow or no payment along
with restrictive formularies. Does any of this sound fa-
miliar? Eight out of 10 pharmacists reported that their
business did not suffer due to this decision. It would prob-
ably not be a surprise to find out the payers pharmacists
had the most problems with.

What the pharmacies are experiencing with reim-
bursement issues mimics the experiences of medical prac-
titioners. They are hiring more technicians and less ex-
perienced pharmacists as they face a greater volume of
work. In many instances, they cannot even afford to hire
more technicians. The pharmacists are looking into other
areas, including providing immunizations and vaccina-
tions to customers. As physicians struggle with time and
effort involved in providing diabetes education, you must
wonder if they are aware of the silently evolving change
in the future of diabetes education. Do we want to turn
this important responsibility as well as others over to local
pharmacists?

XI. CLINICAL TRIALS

Whether or not to participate in clinical trials becomes a
resource vs. cost and balanced budget decision. Although
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Table 1

Code Diagnosis
4th digit

code 5th digit

240 Goiter, simple—4th digit required 240.0
Goiter, unspecified—4th digit required 240.9

241 Nontoxic nodular goiter—4th digit required
Nontoxic uninodular goiter 241.0
Nontoxic multinodular goiter 241.1
Unspecified nontoxic nodular goiter 241.9

242 Thyrotoxicosis with or without goiter—4th and 5th digit required
Without mention of thyrotoxic crisis or storm 0
With mention of thyrotoxic crisis or storm 1
Neonatal thyrotoxicosis 775.3
Toxic diffuse goiter 242.0 0 or 1
Toxic uninodular goiter 242.1 0 or 1
Toxic multinodular goiter 242.2 0 or 1

243 Congenital hypothyroidism
Congenital dyshormonogenic goiter 246.1

244 Acquired hypothyroidism—4th digit required
245 Thyroiditis—4th digit required

Acute thyroiditis 245.0
Subacute thyroiditis 245.1
Chronic lymphocytic thyroiditis 245.2

250 Diabetes mellitus—4th and 5th digit required
Hypoglycemia in infant of diabetic mother 775.0
Neonatal diabetes mellitus 775.1
Nonclinical diabetes 790.2
Type II—not stated as uncontrolled 0
Type I—not stated as uncontrolled 1
Type II—uncontrolled 2
Type I—uncontrolled 3
Diabetes mellitus without mention of complication 250.0
Diabetes with ketoacidosis; without mention of coma 250.1
Diabetes with hyperosmolarity 250.2
Diabetes with other coma 250.3
Diabetes with renal manifestations; use additional codes to specify manifestation 250.4
Diabetes with ophthalmic manifestations; use additional codes to specify manifestation 250.5
Diabetes with neurological manifestations; use additional codes to specify

manifestation
250.6

Diabetes with peripheral circulatory disorders; use additional codes to specify
manifestation

250.7

Diabetes with other specified manifestations; such as diabetic hypoglycemia,
hypoglycemic shock—use additional codes to specify manifestation

250.8

Diabetes with unspecified complications 250.9
251 Other disorders of pancreatic internal secretion—4th digit required
252 Disorders of parathyroid gland—4th digit required

Hyperparathyroidism 252.0
Hypoparathyroidism 252.1
Other specified disorders of parathyroid gland 252.8
Unspecified disorder of parathyroid gland 252.9

253 Disorders of the pituitary gland and its hypothalamic control—4th digit required
Acromegaly and gigantism 253.0
Other and unspecified anterior pituitary hyper function 253.1
Panhypopituitarism/hypopituitarism 253.2
Pituitary dwarfism; isolated deficiency of GH, Lorain-Levi dwarfism 253.3
Other anterior pituitary disorders; isolated or partial deficiency of an anterior pituitary

hormone other than growth hormone
253.4

Diabetes insipidus 253.5
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Table 1 Continued

Code Diagnosis
4th digit

code 5th digit

Nephrogenic diabetes insipidus 588.1
Other disorders of neurohypophysis 253.6
Iatrogenic pituitary disorders 253.7
Other disorders of the pituitary and other syndromes of diencephalohypophyseal origin 253.8
Unspecified; dyspituitarism 253.9

255 Disorders of adrenal glands—4th digit required
Cushing’s syndrome; adrenal hyperplasia due to excess ACTH, ectopic ACTH

syndrome, iatrogenic syndrome of excess cortisol, overproduction of cortisol
255.0

Hyperaldosteronism 255.1
Adrenogenital disorders; Adrenogenital syndromes, CAH 255.2
Other corticoadrenal over activity 255.3
Corticoadrenal insufficiency; Addisonian crisis, Addison’s disease NOS 255.4

256 Ovarian dysfunction—4th digit required
Hyperestrogenism 256.0
Other ovarian hyperfunction 256.1
Postablative ovarian failure 256.2
Other ovarian failure; delayed menarche, ovarian hypofunction, primary ovarian

failure NOS
256.39

Polycystic ovaries 256.4
Hirsutism 704.1

257 Testicular dysfunction—4th digit required
Testicular hyperfunction 257.0
Postablative testicular hypofunction 257.1
Other testicular hypofunction; defective biosynthesis of testicular androgen,

eunuchoidism, failure, testicular hypogonadism
257.2

Other testicular dysfunction; Goldberg-Maxwell syndrome, male
pseudohermaphroditism with testicular feminization, testicular feminization

257.8

Unspecified testicular dysfunction 257.9
Undescended testis—5th digit required 752.5 1
Retractile testis—5th digit required 752.5 2
Other specified anomaly of genital organs/anarchism—4th digit required 752.8
Hypospadias—5th digit required 752.6 1
Epispadias—5th digit required 752.6 2
Micropenis—5th digit required 752.6 4
Hidden penis—5th digit required 752.6 5
Hypospadias—4th digit required 752.7

258 Polyglandular dysfunction and related disorders—4th digit required
259 Other endocrine disorders—4th digit required

Delay in sexual development and puberty; not elsewhere classified; delayed puberty 259.0
Precocious sexual development and puberty, not elsewhere classified; sexual precocity

NOS or constitutional, idiopathic, cryptogenic
259.1

Carcinoid syndrome 259.2
Ectopic hormone secretion, not elsewhere classified; ectopic ADH, ectopic

hyperparathyroidism
259.3

Dwarfism, not elsewhere classified 259.4
Gynecomastia/hypertrophy of the breast 611.1
Nutritional deficiencies

260 Kwashiorkor
261 Nutritional marasmus
262 Other severe, protein–calorie malnutrition
263 Other and unspecified protein–calorie malnutrition—4th digit required

Malnutrition of moderate degree; with biochemical changes in electrolytes, lipids,
blood plasma

263.0

Malnutrition of mild degree 263.1



966 Recker

Table 1 Continued

Code Diagnosis
4th digit

code 5th digit

Arrested development following protein–calorie malnutrition; nutritional dwarfism,
physical retardation due to malnutrition

263.2

268 Vitamin D deficiency—4th digit required
Vitamin D-resistant: osteomalacia, rickets 275.3
Rickets, active 268.0
Rickets, late effect 268.1
Osteomalacia, unspecified 268.2

270 Disorders of amino acid transport and metabolism—4th digit required
271 Disorders of carbohydrate transport and metabolism—4th digit required
272 Disorders of lipoid metabolism—4th digit required
783 Symptoms—4th and 5th digit required for some

Anorexia; loss of appetite 783.0
Anorexia nervosa 307.1
Abnormal weight gain 783.1
Obesity—5th digit required 278.0 0
Morbid obesity 278.0 1
Localized adiposity/fat pad 278.1
Acanthosis nigricans 701.2
Striae 701.3
Fatigue/lethargy 780.7 9
Pallor 782.6 1
Flushing 782.6 2
Abnormal loss of weight 783.2 1
Underweight 783.2 2
Feeding problem, infant 783.3

783 Lack of normal physiological development in childhood
Abnormal posture 781.9 2
Unspecified, inadequate development, lack of development 783.4 0
Failure to thrive; failure to gain weight 783.4 1
Delayed milestones; late walker, late talker 783.4 2
Short stature; growth failure, growth retardation, lack of growth, physical retardation

—includes constitutional short stature, stature inconsistent with chronological age
783.4 3

many practitioners would like to participate, the task be-
comes too great for the time involved. Bennett et al. (5)
reported findings suggesting that phase II and III clinical
trials resulted in a modest increase in cost over standard
treatment. Policy makers have also decided to support
clinical trial reimbursement initiatives. You have to think
and decide which resources you can assign to a clinical
trial protocol. There is a lot of responsibility and work
involved in these protocols; entering into an agreement
should be thoughtfully considered before starting proto-
cols in your practice. The principal investigator’s history
of participation in clinical trials is extremely important.
Your first attempts should be carefully done with few que-
ries or problems in completing the study. It is also essen-
tial that you meet your agreed-upon quota of study sub-
jects. Sponsors are very interested in this factor when
reviewing your application to be an investigator in their
trial. Sponsors are looking for investigators with good

clinical practice and a certificate in Human Subjects Pro-
tection. A good history of successful completion of clin-
ical trials greatly increases your chances by reputation in
being awarded further clinical trials from sponsors. You
have to start slowly with careful planning and this part of
your practice will grow over time into a rewarding part
of your practice.

XII. WHAT IS NEEDED?

A sign stating ‘‘Wanted: trained coders only’’ is needed.
You and your billing staff need to attend courses, includ-
ing the Medicare courses, to keep updated on coding and
reimbursement issues. The practice should have a code
fee profile based on its RBRVS incorporating the cost of
resources for your practice in your geographic area. Any
investment that increases receivables for your practice is
a sound investment. There are many links on the Internet
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where you can find easily accessible information and com-
panies that address this issue.

XIII. FREQUENTLY USED DIAGNOSED
CODES FOR THE PEDIATRIC
ENDOCRINE PRACTICE

This list is a quick list of common codes used in a pedi-
atric endocrine practice (see Table 1). It does not ade-
quately represent the many different presentations a child
or young adult might bring to your attention nor are all
possible diagnoses mentioned. Please refer to official
sources for further definitions and instructions on use of
these codes.
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I. STANDARDS OF GROWTH
AND DEVELOPMENT

A. Neonates

Figure 1 Curve of birth weight against gestational age.
Figure 2 Curve of length and head circumference against
gestational age.
Figure 3 Growth curves of infants with low birth weight.
Figure 4 Growth curves of infants with low birth weight
(not corrected for gestational age).
Figure 5 Phallic lengths of premature and full-term infants.
Figure 6 Phallic diameters of premature and full-term in-
fants.
Figure 7 Ratio of clitoral diameter to infant’s weight plot-
ted against menstrual age.

B. Infants

Figure 8 Weight of infants breastfed at least 12 months:
boys and girls.
Figure 9 Length of infants breastfed at least 12 months:
boys and girls.
Figure 10 Head circumference of infants breastfed at least
12 months: boys and girls.

C. Females

Figure 11 Length and weight for age: birth to 36 months.
Figure 12 Head circumference for age and weight for
length: birth to 36 months.
Figure 13 Height and weight for age: 2–20 years.
Figure 14 Height/weight percentiles.
Figure 15 Height velocity.
Figure 16 Height and pubertal development.

Figure 17 Body mass index for age.
Figure 18 Progression of puberty: staging of breast and
pubic hair.
Figure 19 Mean height and standard deviation, 2–18 years.
Figure 20 Prediction of adult height from the height and
the age at menarche.

D. Males

Figure 21 Length and weight for age: birth to 36 months.
Figure 22 Head circumference for age and weight for
length: birth to 36 months.
Figure 23 Height and weight for age: 2–20 years.
Figure 24 Height/weight percentiles.
Figure 25 Height velocity.
Figure 26 Height and pubertal development.
Figure 27 Body mass index for age.
Figure 28 Progression of puberty: staging of genitalia and
pubic hair.
Figure 29 Mean height and standard deviation: 2–18 years.
Figure 30 Penile growth: birth to adolescence.
Figure 31 Testicular growth: 4–18 years.
Figure 32 Testicular volume: birth to 16 years.

II. MISCELLANEOUS STANDARDS

Figure 33 Arm span in relation to age and standing height:
birth to 20 years.
Figure 34 Upper to lower segment ratio, both sexes: birth
to 16 years.
Figure 35 Sitting height in relation to age and standing
height: birth to 20 years.
Figure 36 Average anthropometric measurements.
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Figure 37 Measurement of the shoulder-to-elbow length
and elbow-to-end-of-third-metacarpal length.
Figure 38 Upper arm length, girls: 4–16 years.
Figure 39 Upper arm length, boys: 4–16 years.
Figure 40 Total upper limb length at birth.
Figure 41 Total upper limb length, both sexes: 4–16 years.
Figure 42 Hair-grading system.
Figure 43 Development of dentition.
Figure 44 Appearance of osseous centers: birth to 5 years.
Figure 45 Appearance of osseous centers: 6–13 years.
Figure 46 Chronological order of union of epiphysis with
diaphysis.
Figure 47 Triceps and subscapular skinfolds, males and fe-
males: 4–16 years.
Figure 48 Body surface area.
Figure 49 Clinical observation of brachymetacarpia.

III. STANDARD GROWTH CHARTS FOR
CHILDREN WITH GENETIC OR
PATHOLOGICAL CONDITIONS

Figure 50 Height and weight for Turner syndrome, girls:
2–19 years.
Figure 51 Height and weight for Down syndrome, male:
birth to 36 months.
Figure 52 Height and weight for Down syndrome, male:
2–18 years.
Figure 53 Height and weight for Down syndrome, female:
birth–36 months.
Figure 54 Height and weight for Down syndrome, female:
2–18 years.
Figure 55 Height curve for achondroplasia, male: birth to
18 years.
Figure 56 Height velocity for achondroplasia, male: birth
to 18 years.
Figure 57 Upper and lower segments for achondroplasia,
males: birth to 18 years.
Figure 58 Head circumference for achondroplasia, male.
Figure 59 Height curve for achondroplasia, female: birth
to 18 years.
Figure 60 Height velocity for achondroplasia, female: birth
to 18 years.
Figure 61 Upper and lower segments for achondroplasia,
females: birth to 18 years.
Figure 62 Head circumference for achondroplasia, female.
Figure 63 Height curves for males and females with
Prader-Willi syndrome.
Figure 64 Height and weight for Marfan syndrome, male:
2–24 years.

Figure 65 Height and weight for Marfan syndrome, fe-
male: 2–24 years.
Figure 66 Height curve for Noonan syndrome, male: birth
to 18 years.
Figure 67 Height curve for Noonan syndrome, female:
birth to 18 years.
Figure 68 Growth curve for diastrophic dysplasia, birth to
18 years (no gender specified).
Figure 69 Growth curve for spondyloepiphyseal dysplasia
congenital: birth to 18 years (no gender specified).
Figure 70 Growth curve for pseudoachondroplasia: birth to
18 years (no gender specified).
Figure 71 Curve for ear length of males with fragile X
syndrome: birth to 28 years.
Figure 72 Curves for testis volume of males with fragile
X syndrome: birth to 28 years.
Figure 73 Height curve for cri du chat syndrome (CDCS),
female: birth to 24 months.
Figure 74 Height curve for cri du chat syndrome, female:
2–18 years.
Figure 75 Weight curve for cri du chat syndrome, female:
birth to 24 months.
Figure 76 Weight curve for cri du chat syndrome, female:
2–18 years.
Figure 77 Head circumference for cri du chat syndrome,
female birth to 15 years.
Figure 78 Height curve for cri du chat syndrome, male:
birth to 24 months.
Figure 79 Height curve for cri du chat syndrome, male: 2–
18 years.
Figure 80 Weight curve for cri du chat syndrome, male:
birth to 24 months.
Figure 81 Weight curve for cri du chat syndrome, male:
2–18 years.
Figure 82 Head circumference for cri du chat syndrome,
male: birth to 15 years.
Figure 83 Height curve for Williams syndrome, female and
male: 0–20 years.
Figure 84 Weight curve for Williams syndrome, female: 0–
20 years.
Figure 85 Head circumference for Williams syndrome, fe-
male: 0–20 years.
Figure 86 Height curve for Williams syndrome, male: 0–
20 years.
Figure 87 Weight curve for Williams syndrome, male: 0–
20 years.
Figure 88 Head circumference for Williams syndrome,
male: 0–20 years.
Figure 89 Length, weight, and head circumference for neu-
rofibromatosis type 1, females: 3–36 months.
Figure 90 Length, weight, and head circumference for neu-
rofibromatosis type 1, males: 3–36 months.
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I. STANDARDS OF GROWTH AND DEVELOPMENT

A. Neonates: Figures 1–7

Figure 1 Smoothed curve values for the mean � 2 SD of
birth weight against gestational age. (From Usher R, McLean
F. Intrauterine growth of live-born Caucasian 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(6):901–910.)

Figure 2 Smoothed curve values for the mean � 2 SD of
crown–heel length and head circumference against gesta-
tional age. (From Usher R, McLean F. Intrauterine growth of
live-born Caucasian 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(6):901–
910.)
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Figure 3 Mean growth curves of three groups of low-birth-weight infants. (A) Very premature and appropriate in size. (B)
Moderately premature and appropriate in size. (C) Full-term but severely undergrown. These curves are plotted against the
gestation age for that group. (From Babson SG. Growth of low birth weight infants. J Pediatr 1970; 77(1):11–18.)
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Figure 4 Growth curves of three groups of low-birth-weight infants plotted without correction for gestational age. (From
Babson SG. Growth of low-birth-weight infants. J Pediatr 1970; 77(1):11–18.).
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Figure 5 Phallic length of premature and full-term infants.
Stretched phallic length of 63 normal premature and full-term
male infants (●), showing lines of mean � 2 SD. Correlation
coefficient is 0.80. 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. (From Feldman KW, Smith DW. Fetal phallic growth
and penile standards for newborn male infants. J Pediatr
1975; 86(3):395–398.)

Figure 6 Phallic diameter of premature and full-term in-
fants. Phallic diameter of 63 normal premature and full-term
male infants (●), showing lines of mean � 2 SD. Correlation
coefficient is 0.82. 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. (From Feldman KW, Smith DW. Fetal phallic growth
and penile standards for newborn male infants. J Pediatr
1975; 86(3):395–398.)

Figure 7 Ratio of clitoral diameter to infant’s weight plot-
ted against menstrual age. Measurements were made with
calipers on 69 premature and 90 term infants in the first 3
days of life. There was no difference in measurements be-
tween black infants and white infants. Clitoral diameter had
reached term size by 27 weeks’ menstrual age. Clitoral di-
ameter varied from 2 to 6 mm, but did not change with men-
strual age. The ratio of clitoral diameter to body showed a
significant negative correlation to menstrual age. (From Riley
WS, et al. J Pediatr 1980; 96:918.)
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B. Infants: Figures 8–10

Figure 8 Weight quartiles of infants breastfed at least 12 months (n = 226) in comparison with the WHO/CDC reference
(1986). (From Dewey KG, Peerson LA, Brown KH, et al. Pediatrics 1995; 96:495.)

Figure 9 Length quartiles of infants breastfed at least 12 months (n = 226) in comparison with the WHO/CDC reference
(1986). (From Dewey KG, Peerson LA, Brown KH, et al. Pediatrics 1995; 96:495.)
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Figure 10 Head circumference quartiles of infants breastfed at least 12 months (n = 226) in comparison with the WHO/CDC
reference (1986). (From Dewey KG, Peerson LA, Brown KH, et al. Pediatrics 1995; 96:495.)
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Figure 11 Length and weight for age, girls: birth to 36 months. (Developed by the National Center for Health Statistics in
collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/
growthcharts.)
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Figure 12 Head circumference for age and weight for length, girls: birth to 36 months. (Developed by the National Center
for Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000);
http://www.cdc.gov/growthcharts.)
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Figure 13 Stature for age and weight, girls: 2–20 years. (Developed by the National Center for Health Statistics in collabo-
ration with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/growthcharts.)
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Figure 14 Height/weight percentiles, girls. (Developed by the National Center for Health Statistics in collaboration with the
National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/growthcharts.)
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Figure 15 Yearly growth rate, means and standard deviations, girls: 2–5 years.
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Figure 16 Height and pubertal development, girls. (From Tanner JM, Davis PSW. J Pediatr 1985; 107.)
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Figure 17 Body mass index for age, girls: 2–20 years. (Developed by the National Center for Health Statistics in collaboration
with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/growthcharts.)
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Figure 18 Typical progression of pubertal development, girls. (Reproduced with permission from Ross Laboratories, Colum-
bus, Ohio 43216. � Ross Laboratories.)
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Age Height s.d. Age Height s.d. Age Height s.d. Age Height s.d.

2.0 86.80 3.16 7.0 120.60 5.35 12.0 151.50 7.11 17.0 163.10 6.32
2.1 87.39 3.18 7.1 121.19 5.39 12.1 152.15 7.13 17.1 163.17 6.30
2.2 87.99 3.20 7.2 121.77 5.42 12.2 152.79 7.16 17.2 163.23 6.28
2.3 88.62 3.22 7.3 122.35 5.45 12.3 153.41 7.18 17.3 163.29 6.25
2.4 89.28 3.25 7.4 122.92 5.49 12.4 154.02 7.21 17.4 163.34 6.22
2.5 90.00 3.28 7.5 123.50 5.53 12.5 154.60 7.23 17.5 163.40 6.20
2.6
2.7

90.77
91.59

3.32
3.37

7.6
7.7

124.08
124.66

5.58
5.63

12.6
12.7

155.15
155.68

7.24
7.25

17.6
17.7

163.46
163.52

6.18
6.17

2.8
2.9

92.43
93.27

3.42
3.48

7.8
7.9

125.24
125.82

5.68
5.73

12.8
12.9

156.18
156.65

7.25
7.24

17.8
17.9

163.58
163.64

6.16
6.15

3.0 94.10 3.53 8.0 126.40 5.78 13.0 157.10 7.23 18.0 163.70 6.14
3.1
3.2

94.90
95.67

3.58
3.63

8.1
8.2

126.98
127.56

5.82
5.86

13.1
13.2

157.52
157.92

7.22
7.21

3.3
3.4

96.42
97.16

3.68
3.72

8.3
8.4

128.14
128.72

5.89
5.93

13.3
13.4

158.30
158.66

7.19
7.18

3.5
3.6

97.90
98.65

3.77
3.82

8.5
8.6

129.30
129.88

5.96
6.00

13.5
13.6

159.00
159.32

7.17
7.16

3.7
3.8

99.40
100.14

3.87
3.92

8.7
8.8

130.45
131.03

6.03
6.07

13.7
13.8

159.63
159.91

7.15
7.14

3.9
4.0

100.88
101.60

3.97
4.01

8.9
9.0

131.61
132.20

6.10
6.14

13.9
14.0

160.17
160.40

7.13
7.11

4.1
4.2

102.30
102.98

4.05
4.08

9.1
9.2

132.79
133.39

6.17
6.21

14.1
14.2

160.60
160.77

7.09
7.07

4.3
4.4

103.66
104.33

4.12
4.15

9.3
9.4

133.99
134.59

6.24
6.28

14.3
14.4

160.92
161.06

7.04
7.01

4.5
4.6

105.00
105.68

4.19
4.23

9.5
9.6

135.20
135.81

6.32
6.37

14.5
14.6

161.20
161.33

6.99
6.97

4.7
4.8

106.36
107.05

4.28
4.33

9.7
9.8

136.43
137.05

6.42
6.47

14.7
14.8

161.47
161.59

6.95
6.92

4.9
5.0

107.73
108.40

4.39
4.44

9.9
10.0

137.67
138.30

6.52
6.57

14.9
15.0

161.70
161.80

6.90
6.87

5.1
5.2

109.06
109.71

4.49
4.54

10.1
10.2

138.93
139.57

6.61
6.66

15.1
15.2

161.88
161.94

6.84
6.80

5.3
5.4

110.35
110.98

4.59
4.64

10.3
10.4

140.21
140.85

6.69
6.72

15.3
15.4

162.00
162.05

6.76
6.72

5.5
5.6

111.60
112.21

4.68
4.72

10.5
10.6

141.50
142.15

6.75
6.77

15.5
15.6

162.10
162.16

6.69
6.66

5.7
5.8

112.81
113.41

4.75
4.79

10.7
10.8

142.81
143.46

6.79
6.82

15.7
15.8

162.22
162.28

6.64
6.62

5.9
6.0

114.01
114.60

4.82
4.86

10.9
11.0

144.34
144.80

6.84
6.87

15.9
16.0

162.34
162.40

6.60
6.57

6.1
6.2

115.20
115.80

4.90
4.95

11.1
11.2

145.48
146.16

6.91
6.95

16.1
16.2

162.46
162.51

6.53
6.49

6.3
6.4
6.5
6.6
6.7
6.8
6.9

116.40
117.00
117.60
118.20
118.81
119.41
120.01

5.00
5.06
5.11
5.16
5.21
5.26
5.31

11.3
11.4
11.5
11.6
11.7
11.8
11.9

146.84
147.52
148.20
148.87
149.54
150.19
150.85

6.99
7.02
7.05
7.07
7.08
7.09
7.10

16.3
16.4
16.5
16.6
16.7
16.8
16.9

162.57
162.63
162.70
162.78
162.86
162.94
163.02

6.45
6.41
6.38
6.36
6.35
6.34
6.33

Figure 19 Mean height and SD, girls: 2–18 years. (From Hamill PVV, Dzird TA, Johnson CL, Reed RR, Roche AF. NCHS
growth curves for children from birth to 18 years: United States. DHEW publication (PHS) 78-1650. Washington DC: US
Government Printing Office; Vital Health Stat 1977; (11) 165:1–74.)
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Figure 20 Nomogram for the prediction of adult height from the height and age at menarche. (From Harriet Lane Handbook,
1975, by permission.)
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Figure 21 Length for age and weight for age, boys: birth to 36 months. (Developed by the National Center for Health
Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://
www.cdc.gov/growthcharts.)
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Figure 22 Head circumference for age and weight for length, boys: birth to 36 months. (Developed by the National Center
for Health Statistics in collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000);
http://www.cdc.gov/growthcharts.)
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Figure 23 Stature for age and weight for age, boys: 2–20 years. (Developed by the National Center for Health Statistics in
collaboration with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/
growthcharts.)
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Figure 24 Height/weight percentiles, boys. (Developed by the National Center for Health Statistics in collaboration with the
National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/growthcharts.)
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Figure 25 Yearly growth rate, means and standard deviations, boys: 2–18 years.
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Figure 26 Height and pubertal development, boys. (Tanner JM, Davis PSW. J Pediatr 1985; 107.)
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Figure 27 Body mass index for age, boys: 2–20 years. (Developed by the National Center for Health Statistics in collaboration
with the National Center for Chronic Disease Prevention and Health Promotion (2000); http://www.cdc.gov/growthcharts.)
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Figure 28 Typical progression of pubertal development, boys. (Reproduced with permission from Ross Laboratories, Colum-
bus, Ohio 43216. � Ross Laboratories.)
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Age Height s.d. Age Height s.d. Age Height s.d. Age Height s.d.

2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0

86.80
87.47
88.15
88.86
89.61
90.40
91.25
92.14
93.06
93.99
94.90

2.61
2.50
2.40
2.34
2.35
2.43
2.60
2.84
3.10
3.37
3.59

7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

121.70
122.24
122.78
123.33
123.87
124.40
124.93
125.45
125.97
126.48
127.00

5.29
5.30
5.31
5.33
5.34
5.35
5.36
5.37
5.38
5.39
5.41

12.0
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
13.0

149.70
150.34
150.97
151.61
152.28
153.00
153.77
154.57
155.38
156.16
156.90

7.36
7.44
7.52
7.60
7.69
7.78
7.88
7.97
8.07
8.17
8.27

17.0
17.1
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9
18.0

176.20
176.33
176.45
176.55
176.64
176.70
176.74
176.77
176.79
176.80
176.80

6.87
6.83
6.80
6.78
6.76
6.75
6.74
6.74
6.74
6.75
6.75

3.1
3.2

95.79
96.65

3.75
3.86

8.1
8.2

127.52
128.04

5.43
5.45

13.1
13.2

157.57
158.18

8.36
8.45

3.3
3.4

97.49
98.30

3.93
3.97

8.4
8.4

128.56
129.08

5.48
5.50

13.3
13.4

158.75
159.32

8.52
8.58

3.5
3.6

99.10
99.88

4.01
4.06

8.5
8.6

129.60
130.12

5.53
5.56

13.5
13.6

159.90
160.51

8.63
8.66

3.7
3.8

100.64
101.40

4.11
4.17

8.7
8.8

130.64
131.16

5.58
5.60

13.7
13.8

161.14
161.79

8.68
8.69

3.9
4.0

102.15
102.90

4.24
4.32

8.9
9.0

131.68
132.20

5.63
5.65

13.9
14.0

162.45
163.10

8.69
8.69

4.1
4.2

103.65
104.41

4.40
4.48

9.1
9.2

132.72
133.23

5.67
5.70

14.1
14.2

163.74
164.38

8.69
8.68

4.3
4.4

105.15
105.89

4.56
4.63

9.3
9.4

133.75
134.27

5.72
5.75

14.3
14.4

165.00
165.60

8.67
8.65

4.5
4.6

106.60
107.29

4.68
4.72

9.5
9.6

134.80
135.33

5.78
5.81

14.5
14.6

166.20
166.78

8.63
8.60

4.7
4.8

107.96
108.61

4.74
4.76

9.7
9.8

135.87
136.41

5.84
5.88

14.7
14.8

167.35
167.91

8.55
8.51

4.9
5.0

109.26
109.90

4.78
4.80

9.9
10.0

136.95
137.50

5.92
5.96

14.9
15.0

168.46
169.00

8.45
9.39

5.1
5.2

110.55
111.19

4.83
4.86

10.1
10.2

138.05
138.60

6.00
6.05

15.1
15.2

169.53
170.05

8.33
8.26

5.3
5.4

111.84
112.47

4.90
4.94

10.3
10.4

139.16
139.72

6.10
6.15

15.3
15.4

170.56
171.04

8.19
8.11

5.5
5.6

113.10
113.72

4.98
5.01

10.5
10.6

140.30
140.89

6.20
6.25

15.5
15.6

171.50
171.93

8.02
7.93

5.7
5.8

114.32
114.92

5.04
5.06

10.7
10.8

141.48
142.09

6.31
6.37

15.7
15.8

172.35
172.74

7.83
7.73

5.9
6.0

115.51
116.10

5.09
5.11

10.9
11.0

142.69
143.30

6.43
6.50

15.9
16.0

173.12
173.50

7.63
7.54

6.1
6.2

116.69
117.28

5.14
5.16

11.1
11.2

143.91
144.52

6.58
6.66

16.1
16.2

173.87
174.24

7.46
7.38

6.3
6.4

117.86
118.44

5.19
5.21

11.3
11.4

145.13
145.76

6.75
6.84

16.3
16.4

174.58
174.91

7.31
7.24

6.5
6.6
6.7
6.8
6.9

119.00
119.55
120.09
120.63
121.16

5.23
5.25
5.26
5.27
5.28

11.5
11.6
11.7
11.8
11.9

146.40
147.05
147.72
148.39
149.05

6.93
7.02
7.11
7.19
7.28

16.5
16.6
16.7
16.8
16.9

175.20
175.46
175.68
175.88
176.05

7.17
7.10
7.04
6.98
6.92

Figure 29 Mean height and SD, boys: 2–18 years. (From Hamill PVV, Dzird TA, Johnson CL, Reed RR, Roche AF. NCHS
growth curves for children from birth to 18 years: United States. DHEW publication (PHS) 78-1650. Washington DC: US
Government Printing Office; Vital Health Stat 1977; (11) 165:1–74.)
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Figure 30 Penile growth in stretched length from the pubic
ramus to the tip of the glans; from infancy into adolescence.
(From Schonfield WA. Am J Dis Child 1943; 65:535.) Figure 31 Testicular growth in length, adapted from nor-

mal standards of testicular volume: 4–18 years. (Solid line
from data in Zurich; broken line from data of Laron A, Zilka
E. J Clin Endocrinol Metab 1969; 29:1409; adapted from
data of Praeder A. Recognizable Patterns of Human Malfor-
mation, 3rd ed. Philadelphia: WB Saunders, 1982.)
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Figure 32 Testicular volume, birth to 16 years. (From Zachmann et al. (1974), and Goodman and Gorlin (1983), by per-
mission.)
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II. MISCELLANEOUS STANDARDS: FIGURES 33–49

Age M F

Span

Absolute

M F

Relative

M F Age M F

Span

Absolute

M F

Relative

M F

Height
(In.)

Height
(In.)

Birth 20.2 19.9 19.3 18.9 95.7 95.2 71/2 Yrs. 48.2 47.9 47.6 47.0 98.7 98.1
1 Mo. 21.9 21.5 21.0 20.5 95.7 95.2 8 Yrs. 49.2 48.9 48.8 48.1 99.1 98.3
2 Mos. 23.1 22.7 22.1 21.6 95.7 85.2 81/2 Yrs. 50.2 49.9 50.0 49.2 99.6 98.6
3 Mos. 24.1 23.7 23.1 22.6 95.8 95.3 9 Yrs. 51.2 50.9 51.2 50.3 100.0 98.8
4 Mos. 25.0 24.6 24.0 3.4 95.8 95.3 91/2 Yrs. 52.2 51.9 52.4 51.4 100.4 99.0
5 Mos. 25.7 25.3 24.6 24.1 95.8 95.3 10 Yrs. 53.2 53.0 53.6 52.6 100.7 99.2
6 Mos. 26.4 26.0 25.3 24.8 95.8 95.3 101/2 Yrs. 54.2 54.1 54.7 53.8 100.9 99.4
7 Mos. 27.1 26.6 26.0 25.4 95.9 95.4 11 Yrs. 55.2 55.3 55.8 55.1 101.2 99.6
8 Mos. 27.6 27.1 26.5 25.9 95.9 95.4 111/2 Yrs. 56.2 56.5 56.9 56.3 101.4 99.8
9 Mos. 28.1 27.6 26.9 26.3 95.9 95.4 12 Yrs. 57.1 57.6 58.0 57.6 101.6 100.0

10 Mos.
11 Mos.

28.6
29.1

28.1
28.6

27.4
27.9

26.8
27.3

95.9
96.0

95.9
95.5

121/2 Yrs.
13 Yrs.

58.0
58.9

58.7
59.7

59.1
60.1

58.7
59.9

101.8
102.0

100.1
100.3

12 Mos.
15 Mos.

29.5
30.7

29.0
30.2

28.3
29.5

27.7
28.9

96.0
96.1

95.5
95.6

131/2 Yrs.
14 Yrs.

59.8
60.7

60.6
61.4

61.1
62.1

60.9
61.7

102.2
102.3

100.4
100.6

18 Mos.
21 Mos.

31.9
32.9

31.4
32.4

30.7
31.7

30.0
31.0

96.2
96.3

95.7
95.7

141/2 Yrs.
15 Yrs.

61.6
62.4

62.0
62.5

63.1
64.0

62.4
63.0

102.5
102.6

100.7
100.8

24 Mos.
30 Mos.

33.9
35.7

33.4
32.1

32.6
34.4

32.0
33.7

96.3
96.4

96.8
96.0

151/2 Yrs.
16 Yrs.

63.2
64.0

62.9
63.2

64.9
65.8

63.5
63.0

102.7
102.8

100.9
101.0

36 Mos. 37.3 30.7 30.0 35.0 96.6 96.2 161/2 Yrs. 64.7 63.5 66.6 64.2 102.9 101.0
42 Mos. 38.8 38.2 37.5 36.5 96.8 96.4 17 Yrs. 65.4 63.7 67.4 64.4 103.0 101.2
48 Mos. 40.2 39.6 39.0 38.2 97.0 96.6 171/2 Yrs. 66.0 63.9 68.1 64.6 103.1 101.2
54 Mos. 41.5 40.9 40.3 39.6 97.2 96.8 18 Yrs. 66.6 64.0 68.7 64.8 103.2 101.3
60 Mos. 42.7 42.2 41.6 40.9 97.4 97.0 181/2 Yrs. 67.1 64.0 69.3 64.8 103.3 101.3
51/2 Yrs. 43.9 43.4 42.8 42.2 97.6 97.2 19 Yrs. 67.5 64.0 69.8 64.8 103.4 101.3
6 Yrs. 45.0 44.6 44.0 43.4 97.8 97.4 191/2 Yrs. 67.8 64.0 70.1 64.8 103.4 101.3
61/2 Yrs. 46.1 45.7 45.2 44.6 98.1 97.6 20 Yrs. 68.0 64.0 70.4 64.8 103.5 101.3
7 Yrs. 47.2 46.8 46.4 48.9 98.4 97.8

Figure 33 Arm span in relation to age and standing height: birth to 20 years. (From Engelbach W. Endocrine Medicine.
Courtesy of Charles C Thomas, Publisher, Springfield, Illinois, 1932.)
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Figure 34 Upper to lower segment ratio, both sexes: birth to 16 years. (From Harriet Lane Handbook, 1975, by permission.)
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Age

Standing height
(In.)

M F

Sitting height,
absolute

M F

Sitting height,
relative

M F

Birth 20.2 19.9 13.6 13.4 67.3 67.3
1 Month 21.9 21.5 14.6 14.4 66.7 66.8
2 Months 23.1 22.7 15.3 15.1 66.2 66.3
3 Months 24.1 23.7 15.8 15.6 65.6 65.7
4 Months 25.0 24.6 16.3 16.1 65.1 65.2
5 Months 25.7 25.3 16.6 16.4 64.6 64.7
6 Months 26.4 26.0 16.9 16.7 64.1 64.2
7 Months 27.1 26.6 17.3 17.0 63.8 63.9
8 Months 27.6 27.1 17.5 17.2 63.4 63.5
9 Months 28.1 27.6 17.7 17.4 63.1 63.2

10 Months 28.6 28.1 18.0 17.7 62.8 62.9
11 Months 29.1 28.6 18.2 17.9 62.6 62.7
12 Months (1 yr) 29.5 29.0 18.4 18.1 62.3 62.4
15 Months 30.7 30.2 18.9 18.6 61.6 61.7
18 Months 31.9 31.4 19.4 19.1 60.9 61.0
21 Months 32.9 32.4 19.8 19.5 60.3 60.4
24 Months (2 yrs) 33.9 33.4 20.3 20.0 59.8 59.9
30 Months 35.7 35.1 21.0 20.7 58.9 59.0
36 Months (3 yrs) 37.3 36.7 21.7 21.4 58.2 58.3
42 Months 38.8 38.2 22.3 22.0 57.6 57.6
48 Months (4 yrs) 40.2 39.6 22.9 22.5 57.0 56.9
54 Months 41.5 40.9 23.4 23.1 56.5 56.4
60 Months (5 yrs) 42.7 42.2 23.9 23.6 56.0 55.9

51/2 Years 43.9 43.4 24.4 24.1 55.6 55.5
6 Years
61/2 Years

45.0
46.1

44.6
45.7

24.9
25.3

24.6
25.1

55.2
54.9

55.2
54.9

7 Years
71/2 Years

47.2
48.2

46.8
47.9

25.8
26.2

25.5
26.0

54.6
54.3

54.5
54.2

8 Years
81/2 Years

49.2
50.2

48.9
49.9

26.6
27.1

26.4
26.9

54.1
53.9

54.0
53.8

9 Years
91/2 Years

51.2
52.2

50.9
51.9

27.5
27.9

27.3
27.7

53.7
53.4

53.6
53.3

10 Years 53.2 53.0 28.3 28.1 53.2 53.0
101/2 Years 54.2 54.1 28.8 28.6 53.0 52.8
11 Years 55.2 55.3 29.2 29.1 52.9 52.6
111/2 Years 56.2 56.5 29.6 29.7 52.7 52.6
12 Years 57.1 57.6 30.0 30.3 52.6 52.6
121/2 Years 58.0 58.7 30.4 30.9 52.5 52.7
13 Years 58.9 59.7 30.9 31.5 52.4 52.8
131/2 Years 59.8 60.6 31.3 32.0 52.3 52.8
14 Years 60.7 61.4 31.7 32.5 52.3 52.9
141/2 Years 61.6 62.0 32.2 32.8 52.4 52.9
15 Years 62.4 62.5 32.8 33.0 52.5 52.9
151/2 Years 63.2 62.9 33.3 33.2 52.6 52.9
16 Years 64.0 63.2 33.7 33.4 52.7 52.9
161/2 Years 64.7 63.5 34.1 33.5 52.8 52.9
17 Years 65.4 63.7 34.5 33.6 52.8 52.8
171/2 Years 66.0 63.9 34.8 33.7 52.8 52.8
18 Years
181/2 Years
19 Years
191/2 Years
20 Years

66.6
67.1
67.5
67.8
68.0

64.0
64.0
64.0
64.0
64.0

35.1
35.3
35.5
35.6
35.7

33.8
33.8
33.8
33.8
33.8

52.7
52.6
52.6
52.5
52.5

52.8
52.8
52.8
52.8
52.8

Figure 35 Sitting height in relation to age and standing height: birth to 20 years. (From Engelbach W. Endocrine Medicine.
Courtesy of Charles C Thomas, Publisher, Springfield, Illinois, 1932.)
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Age
yrs.

Boys

Height

cm
Annual

incr.
Weight

kg

Lower
segment

cm
Ratio
U/L

Girls

Height

cm
Annual

incr.
Weight

kg

Lower
segment

cm
Ratio
U/L

Head
cm

Chest
cm

Male
cm

Female
cm

Both sexes

Span

Difference
span minus

height

Birth 50.8 8.4 18.8 1.70 50.8 3.2 18.8 1.70 35 35 �2.5 �2.5
1/2 67.8 8.5 25.7 1.62 65.8 7.7 25.3 1.60 43.4 44 �2.5 �3.0
1 76.1 25.3 10.8 30.0 1.54 74.2 23.4 9.9 20.4 1.52 46.5 47 �2.5 �3.3
11/2 81.9 12.2 32.8 1.50 80.0 11.3 32.5 1.46 48.0 48 �2.7 �3.3
2 87.4 11.4 13.2 36.1 1.42 86.1 11.9 12.5 36.7 1.41 49.0 50 �3.0 �3.5
21/2 92.2 14.8 38.9 1.37 91.1 13.6 38.9 1.34 �3.0 �3.8
3 96.4 9.0 15.8 41.0 1.35 95.4 9.3 14.7 41.5 1.30 50.0 52 �2.7 �4.0
31/2 100.2 16.3 43.6 1.30 99.5 15.9 43.8 1.27 �2.7 �4.0
4 104.0 7.6 17.3 46.4 1.24 103.3 7.9 16.9 46.5 1.22 50.5 53 �3.0 �3.8
41/2 107.6 18.4 48.5 1.22 107.2 18.1 49.0 1.19 �3.0 �3.5
5 110.7 6.7 19.4 50.6 1.19 110.6 7.3 10.2 51.4 1.15 50.8 55 �3.3 �3.5
6 117.7 7.0 21.9 55.5 1.12 117.6 7.0 21.9 56.0 1.10 51.2 56 �2.5 �3.3
7 123.8 6.1 21.6 60.0 1.07 123.8 6.2 21.7 60.1 1.06 51.6 57 �2.5 �2.0
8 120.9 6.1 27.6 61.0 1.03 120.8 6.0 28.1 64.2 1.02 52.0 50 �1.8 �1.8
9 135.4 5.5 31.0 67.0 1.02 135.4 5.6 31.6 67.3 1.01 60 0 �1.2

10 141.0 5.0 34.8 70.8 0.99 141.0 5.6 35.4 70.5 1.00 58.0 61 0 �1.0
11
12
13
14
15
16
17

145.9
151.4
157.5
161.8
171.1
175.2
176.6

4.9
5.5
6.1
7.3
6.3
4.1
1.4

38.8
43.2
47.9
54.0
60.0
64.4
66.9

73.7
76.4
80.0
83.6
86.3
88.0
88.8

0.95
0.98
0.97
0.97
0.95
0.99
0.99

147.7
154.2
150.5
102.9
104.8
165.5
165.5

6.7
0.5
5.3
3.4
1.9
0.7
0

40.1
45.5
50.1
54.5
57.4
59.2
60.5

74.2
77.5
79.7
80.6
81.5
81.9
81.9

0.90
0.99
1.00
1.01
1.01
1.01
1.01

53.2

54.0

55.0
55.4

66

72a

77a

82a

0
�8.0
�3.3
�3.3
�4.3
�4.6
�5.8

0
0
0
0

�1.2
�1.2
�1.2

aMales only.

Figure 36 Average anthropometric measurements. (From Wilkins, Lawson. The Diagnosis and Treatment of Endocrine Dis-
orders in Childhood and Adolescence. Courtesy of Charles C. Thomas, Publisher, Springfield, Illinois, 1966.)

Figure 37 Measurement of shoulder-to-elbow length (SE)
and elbow-to-end-of-third metacarpal length (EMC) is shown
using an anthropometer. SE is the distance between the
shoulder and the tip of the elbow; EMC is the distance be-
tween the tip of the elbow and the distal end of the third
metacarpal on a closed fist. (From Tanner JM, Davies PSW.
J Pediatr 1985; 107:317–327.)
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Figure 38 Upper arm length, girls: 4–16 years. (From Manila RM, Hamill PVV, and Lemeshow S. Manual of physical status
and performance in childhood. 1973; 1B:1048; New York: Plenum Press.)

Figure 39 Upper arm length, girls: 4–16 years. (From Manila RM, Hamill PVV, and Lemeshow S. Manual of physical status
and performance in childhood. 1973; 1B:1048; New York: Plenum Press.)
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Figure 40 Total upper limb length at birth. (From Sivan Y, Merlob P, and Reisner SH. Am J Dis Child 1983; 137:829.)

Figure 41 Total upper limb length, both sexes, 4–16 years. (From Martin and Saller. Lehrburch der Anthropologie, Stuttgart:
Gustave Fische.)
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Site Grade Definition

1. Upper lip 1
2
3
4

A few hairs at outer margin.
A small moustache at outer margin.
A moustache extending halfway from outer margin.
A moustache extending to midline.

2. Chin 1
2

3 & 4

A few scattered hairs.
Scattered hairs with small concentrations.
Complete cover, light and heavy.

3. Chest 1
2
3
4

Circumareolar hairs.
With midline hair in addition.
Fusion of these areas, with three-quarter cover.
Complete cover.

4. Upper back 1
2

3 & 4

A few scattered hairs.
Rather more, still scattered.
Complete cover, light and heavy.

5. Lower back 1
2
3
4

A sacral tuft of hair.
With some lateral extension.
Three-quarter cover.
Complete cover.

6. Upper abdomen 1
2

3 & 4

A few midline hairs.
Rather more, still midline.
Half and full cover.

7. Lower abdomen 1
2
3
4

A few midline hairs.
A midline streak of hair.
A midline band of hair.
An inverted V-shaped growth.

8. Arm 1 Sparse growth affecting not more than a quarter of the limb surface.
2 More than this: cover still incomplete.

3 & 4 Complete cover, light and heavy.

9. Forearm 1, 2, 3, 4 Complete cover of dorsal surface; 2 grades of light and 2 of heavy
growth.

10. Thigh 1, 2, 3, 4 As for arm.

11. Leg 1, 2, 3, 4 As for arm.

Figure 42 Hair-grading system. (From Rerriman D, Gallwey JD. J Clin Endocrinol Metab 1961; 21:1440–1447.)
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Figure 43 Development of dentition. (From Simon FA, Stevenson RE. Pediatric Patient Care. University of Texas Press,
1975.)
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Figure 44 Chronological order of appearance of osseous centers, birth to 5 years. (From Wilkins, Lawson. Diagnosis and
Treatment of Endocrine Disorders in Childhood and Adolescence. Courtesy of Charles C Thomas, Publisher, Springfield, Illinois,
1966.)
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Figure 45 Chronological order of appearance of osseous centers, 6–13 years. (From Wilkins, Lawson. The Diagnosis and
Treatment of Endocrine Disorders in Childhood and Adolescence. Courtesy of Charles C Thomas, Publisher, Springfield, Illinois,
1966.)
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12 Yrs. 13 Yrs. 14 Yrs. 15 Yrs. 16 Yrs. 17 Yrs. 18 Yrs.

Shoulder Head of humerus
Great tuberosity

Elbow Trochlen &
capitelium

Olecranon Ext. epicondyle
Head of radius

Hand Styloid of
ulna

Ep. metacarpals
& phalanges

Ep. radius & ulna

Hip Head of femur
Trochanters

Knee Ep. femur, tibia
& fibula

Foot Ep. os raleis Ep. metatarsals
& phalanges

Ep. tibia &
fibula

Figure 46 Chronological order of union of epiphysis with diaphysis. (From Wilkins, Lawson. The Diagnosis and Treatment
of Endocrine Disorders in Childhood and Adolescence. Courtesy of Charles C Thomas, Publisher, Springfield, Illinois, 1966.)

Figure 47 Triceps and subcapsular skinfolds, males and females: 4–16 years. (From Schulueter K, Funfack W, Pachalay J,
and Weber B. Eur J Pediatr 1976; 123:255.)
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Figure 48 Body surface area nomogram and equation. (Arch Dis Child 70:246, 1994.)



1010 Carrillo and Recker

Figure 49 A straight ruler is applied against the distal ends 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 than 2 mm. (Tanner JM, Davies
PSW. J Pediatr 1985; 107:317–327.)
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III. STANDARD GROWTH CHARTS FOR CHILDREN WITH GENETIC OR PATHOLOGICAL
CONDITIONS: FIGURES 50–90

Figure 50 Growth chart for Turner syndrome compared to normal female growth. The solid line shows growth in normal
girls; percentiles derived from the National Center for Health Statistics. The broken line shows growth in untreated Turner
syndrome girls; percentiles derived from Lyon AJ, Preece MA, Grant DB. Arch Dis Child 1985; 60:932–935. (� Genetech,
Inc., 1987. All rights reserved.)
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Figure 51 Height and weight for Down syndrome, boys: birth–36 months. (Reproduced by permission of Pediatrics 1988;
81:102.)
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Figure 52 Height and weight for Down syndrome, boys: 2–18 years. (Reproduced by permission of Pediatrics 1988; 81:102.)
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Figure 53 Height and weight for Down syndrome, girls: birth–36 months. (Reproduced by permission from Pediatrics 1988;
81:102.)
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Figure 54 Height and weight for Down syndrome, girls: 2–18 years. (Reproduced by permission from Pediatrics 1988; 81:
102.)
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Figure 55 Height curve for achondroplasia compared to normal height curve, boys. (From J Pediatr 1978; 93(3):435–438.)
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Figure 56 Height velocity for achondroplasia compared to normal height velocity standard, boys. (From J Pediatr 1978; 93(3):
435–438.)
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Figure 57 Upper and lower segment lengths for achondroplasia compared to normal segment lengths, boys. (From J Pediatr
1978; 93(3):435–438.)

Figure 58 Head circumference for achondroplasia compared to normal head circumference, boys. (From J Pediatr 1978; 93(3):
435–438.)
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Figure 59 Height curve for achondroplasia compared to normal standard curve, girls. (From J Pediatr 1978; 93(3):435–438.)
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Figure 60 Height velocity for achondroplasia compared to normal height velocity standard, girls. (From J Pediatr 1978; 93(3):
435–438.)
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Figure 61 Upper and lower segment lengths for achondroplasia compared to normal segment lengths, girls. (From J Pediatr
1978; 93(3):435–438.)

Figure 62 Head circumference for achondroplasia compared to normal head circumference, girls. (From J Pediatr 1978; 93(3):
435–438.)
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Figure 63 Curves for height of males and females with Prader-Willi syndrome (solid lines) and healthy individuals (broken
lines). (From Pediatrics 1991; 88:853.)

Figure 64 Height and weight for males with Marfan syn-
drome, superimposed on normal growth curves (5th, 50th,
and 95th percentiles). Cross-sectional and longitudinal data
from 200 White patients with Marfan syndrome were used.
Patients were not treated with hormones. Bars shown � 1
standard deviation. (From Pyeritz RE. Marfan syndrome. In:
Principles and Practice of Medical Genetics. New York:
Churchill Livingstone, 1983.)

Figure 65 Height and weight for females with Marfan syn-
drome, superimposed on normal growth curves (5th, 50th,
and 95th percentiles). Cross-sectional and longitudinal data
from 200 White patients with Marfan syndrome were used.
Patients were not treated with hormones. Bars shown � 1
standard deviation. (From Pyeritz RE. Marfan syndrome. In:
Principles and Practice of Medical Genetics. New York;
Churchill Livingstone, 1983.)
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Figure 66 Growth curve for height in males with Noonan
syndrome (solid lines) compared to normal values (dashed
lines). Data obtained in 64 Noonan syndrome males from a
collaborative retrospective review. (From Witt DR, et al. Clin
Genet 1986; 30:150.)

Figure 67 Growth curve for height in females with Noonan
syndrome (solid lines) compared to normal values (dashed
lines). Data obtained in 48 Noonan syndrome females from
a collaborative retrospective review. (From Witt DR, et al.
Clin Genet 1986; 30:150.)
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Figure 68 Growth curve for diastrophic dysplasia, no
gender specified. (From Am J Dis Child 1983; 136:316–319.
� AMA.)

Figure 69 Growth curve for spondyloepiphyseal dysplasia
congenita, no gender specified. (From Am J Dis Child 1983;
136:316–319. � AMA.)

Figure 70 Growth curve for pseudoachondroplasia, no
gender specified. (From Am J Dis Child 1983; 136:316–319.
� AMA.)
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Figure 71 Curves for ear length of males with fragile X syndrome (solid lines) and normal individuals (dotted lines). (From
Butler MG, Brunschwig A, Miller LK, et al. Pediatrics 1992; 89:1059–1062.)

Figure 72 Curves for testicular volume of males with fragile X syndrome: birth to 28 years. (From Butler MG, Brunschwig
A, Miller LK, et al. Pediatrics 1992; 89:1059–1062.)
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Figure 73 Height in females with CDCS from birth to age 24 months (thick lines). The normal growth curve is shaded. (From
Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)

Figure 74 Height in females with CDCS from 2 to 18 years (thick lines). The normal growth curve is shaded. (From Marinescu
RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 75 Weight in females with CDCS from birth to 24 months (thick lines). The normal growth curve is shaded. (From
Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)

Figure 76 Weight in females with CDCS from 2 to 18 years (thick lines). The normal growth curve is shaded. (From Marinescu
RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 77 Head circumference in females with CDCS from birth to 15 years (thick lines). The normal growth curve is shaded.
(From Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)

Figure 78 Height in males with CDCS from birth to age 24 months (thick lines). The normal growth curve is shaded. (From
Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 79 Height in males with CDCS from 2 to 18 years (thick lines). The normal growth curve is shaded. (From Marinescu
RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 80 Weight in males with CDCS from birth to 24 months (thick lines). The normal growth curve is shaded. (From
Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)

Figure 81 Weight in males with CDCS from 2 to 18 years (thick lines). The normal growth curve is shaded. (From Marinescu
RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 82 Head circumference in males with CDCS from birth to 15 years (thick lines). The normal growth curve is shaded.
(From Marinescu RC, Mainardi PC, Collins MR, et al. Am J Med Genet 2000; 94:153.)
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Figure 83 Height for patients with Williams syndrome (61 females, 47 males). Normal curves, dashed lines; affected patients,
solid lines. (Reprinted with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth Ref-
erences: Third Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.)
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Figure 84 Weight for females with Williams syndrome. Normal curves, dashed lines; affected patients, solid lines. (Reprinted
with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth References: Third Trimester
to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.)
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Figure 85 Head circumference for females with Williams syndrome. Normal curves, dashed lines; affected patients, solid
lines. (Reprinted with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth References:
Third Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.)
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Figure 86 Height for males with Williams syndrome. Normal curves, dashed lines; affected patients, solid lines. (Reprinted
with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth References: Third Trimester
to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.)
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Figure 87 Weight for males with Williams syndrome. Normal curves, dashed lines; affected patients, solid lines. (Reprinted
with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth References: Third Trimester
to Adulthood. Greenwood, SC: Greenwood Genetic Center; 1998.)
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Figure 88 Head circumference for males with Williams syndrome. Normal curves, dashed lines; affected patients, solid lines.
(Reprinted with permission from Saul RA, Geer JS, Seaver LH, Phelan MC, Sweet KM, Mills MS. Growth References: Third
Trimester to Adulthood. Greenwood, SC: Greenwood Genetic Center: 1998.)
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Figure 89 Total body length (a), weight (b), and occipitofrontal head circumference (c) centiles by age in females 3–36
months. NF1 patient measurements are 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 90 Total body length (a), weight (b), and occipitofrontal head circumference (c) centiles by age in males 3–36 months.
NF1 patient measurements are from the National Foundation International Database. Unaffected norms are from the National
Center for Health Statistics and the Fels Institute.
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Index

AA (see Amino acids)
AAs and urine for organic acids, 809
Aaskog syndrome, 335
Abdominal fat, 830
Abdominal-pelvic irradiation, 869
Abnormal behavior, 21
Abnormalities in the structural proteins of

cartilage, 128
Abortion, 259
ABPM (see Ambulatory blood pressure

monitoring)
Abuse, 22
AC (see Acylcarnitines)
Academic achievement, 245
Acanthosis, 615, 638
Acanthosis nigricans, 291–293, 305, 614,

632–633, 637, 696, 831, 837
syndrome, 689
type A, 696

Acarbose, 299–300, 639
Accelerated starvation (ketotic hypoglyce-

mia), 581, 583, 599
Accumulated nutrient deficit in IUGR, 19
ACE inhibitor, 624–625, 627
ACEI prophylactically, 640
ACEI (see Angiotensin-converting enzyme

inhibitors)
Acesulfame K, 846
Acetaminophen, 195
Acetoacetate, 672
Acetonuria, 674
Acetylcholine, 50, 211
Acetyl-CoA, 589, 592, 805, 811
Achalasia, 157
Achondrogenesis, 113, 126, 532

IA, 128
IB (Fraccaro), 118, 119, 128
II, 129, 532
II (Langer-Saldino), 120
Houston-Harris, 118
syndromes, 127

Achondroplasia, 8, 88, 113–114, 118, 126,
128–129, 532–533

dwarfs, 130
growth velocity and height, 1020
head circumference, female, 1021
head circumference, male, 1018
upper/lower segment, female, 1021
upper/lower segment, male, 1018

Achondroplasia group, 118, 531
Acidemia, 18
Acid lipase deficiency, 154
Acidosis, 673–674
Acne, 211, 214, 226, 295, 305
Acquired

HP, 432
hypo- and hyperthyroidism in infancy,

355
hypoparathyroidism-hypocalcemia, 444
hypothyroidism, 697
immune response, 685
immunodeficiency syndrome (AIDS),

29, 875
nephrogenic diabetes insipidus, 768
primary gonadal failure, 703
primary hypothyroidism, 364
testicular failure, 229

Acromegalic gigantism, 134
Acromegaloid appearance, 198
Acromegaloidism, 134
Acromegaly, 104, 134, 216, 524, 612–

613, 729, 935
Acromelia, 126
Acromelic and acromesomelic dysplasia,

531
Acromesomelic dysplasia, 122
ACTH (see Adrenocorticotrophic hor-

mone; adrenocorticotropin)
Action Committee on Surgery of the Gen-

italia, 341
Active antiretroviral therapy (HAART),

879, 884–885

Activins, 323
Activity behaviors, 845
Actos, 300
Acute

acidosis, 429
disseminated encephalomyelitis, 689
encephalopathy, 787
fatty liver of pregnancy (AFLP),

802
gastric dilation, 31
heavy bleeding, 308
hypercalcemia, 474
hypophosphatemia, 501
metabolic crisis, 596
pancreatitis in HIV-infected patients,

885
paraplegia, 530
phase therapy, 496
response to hCG administration, 953
and subacute thyroiditis, 394
thyroiditis, 399

Acylcarnitines (AC), 594, 596–597, 600,
789, 804

acylcarnitine/free carnitine ratio, 796
compounds, 797

Acyl-CoA, 596
dehydrogenases (ACDs), 799
esters, 792

Acylglycine, 596–597, 796, 803
ADA (see American Diabetes Association)
Adaptation, 836
Adaptive response to suboptimal nutrition,

28
Addisonian symptoms, 158
Addison’s disease, 155, 159–160, 233,

396, 434, 455, 563, 585, 598, 689,
702–703, 705, 707

Adenocarcinoma, 268, 407
Adenohypophysis, functional pharyngeal,

47
Adenoma, 56, 226, 394, 474, 584

of thyroid, 393
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Adenomatous adenal rests, 183
Adenomatous hyperplasia, 584
Adenomatous polyposis coli (APC) gene,

725
Adenosine deaminase deficiency (AR),

121, 128
Adenosine triphosphate (ATP), 482
Adenosylcobalamin, 792
Adenylyl cyclase, 428
ADH, 448, 673

deficiency, 161
secretion, 673

ADHR (see Autosomal dominant hypo-
phosphatemic rickets)

3�-adiol gluc levels, 294
Adipocytes, 832, 837
Adipogenesis, 832
Adiponectin, 835
Adipose tissue, 832
Adipose tissue endocrine functions,

835
Adiposity, 827, 840

in infancy, 831
Adlosterone

resistance, 162
secretion, 168

ADM (see Atypical diabetes mellitus)
Adolescent

growth spurt, 3, 98
obesity, 823, 832

Adrenal, 838
adenoma, 165, 169, 288, 724, 737
antibodies, 160
autoantibodies, 704
carcinoma, 165–166, 169, 294, 725,

737
causes of excess androgen production,

285
cytoplasmic autoantibodies, 702, 706
failure, 327, 585, 702
ganglioneuromas, 203
glucocorticoid production, 838
masses, 181
rest tumor, 166
sex steroids, 182
steroid secretion, 149
stimulating hormone, 151
stimulation, 297
suppression test, 297

Adrenal androgen, 147, 179, 182–183,
291, 296

adrenarche, 224
circadian pattern, 278

Adrenal cortex, 147
atrophy, 161
of the fetus, 149
zona fasciculate, 147
zona glomerulosa, 147
zona reticularis, 147

Adrenal cortical
hormones, 147
tumor, 288

Adrenal crisis, 163, 368, 368
acute 159

Adrenal function, 881
HIV infections, 880

Adrenal gland, 175, 200, 834
calcified, 158
embryonic origins, 147

Adrenal hemorrhage, 155
of acute infection, 159
of the newborn, 159

Adrenal hyperandrogenism, 288
producing conditions, 290
producing idiopathic or functional adre-

nal hyperandrogenism, 288
producing tumor, 288, 297
production, 225
secretion, 151, 184, 278

Adrenal hyperplasia, 180, 226, 288, 334,
725, 903

caused by 21-hydroxlase deficiency,
clinical forms of 178

congenital (AHC), 155, 327
virilizing, 226

Adrenal insufficiency, 152, 154, 158–159,
221, 435, 498, 702, 769–770, 834,
870

acute 163
signs and symptoms, 159

Adrenal medullary, 147, 193
exhaustion, 559
hyperplasia, 197

Adrenal steroidogenesis, 175
simplified scheme, 176

Adrenal steroids, 151
metabolism of, 154

Adrenal tumor, 162, 164, 169, 200, 226,
226, 288, 753

autonomous, 165
Adrenalectomy, 198–199, 737
Adrenalitis, 702–703
Adrenarche, 212, 214, 294, 838, 920

agonists, 612
Adrenocortical

androgen-secreting tumors, 221
antibodies, 437
cancer, 751
carcinoma, 140–141, 725
failure, 450
function, 151
hyperplasia, 901
insufficiency, 158, 434, 601, 706
nodular dysplasia, 735
unresponsiveness to ACTH, 154,

157
Adrenocorticotropic hormone (ACTH), 92,

149, 150–151, 157, 160–162,
164–165, 175, 226, 288, 297, 448,
654, 702, 722, 838, 870

cortisol deficiency, 585
cortrosyn, 152
deficiency, 60–61, 94, 160–161, 434,

585, 707

[Adrenocorticotropic hormone (ACTH)]
dependent hyperaldosteronism, 169
formation, 149
half life, 149
infusion, 881
overproduction, 187
receptor, adrenocortical unresponsive-

ness to ACTH, 156
secreting adenoma, 729
secreting pituitary tumors, 166
secreting tumor, 166
secretion, 153, 159, 164, 170, 759
stimulated adrenal and ovarian steroid

levels, 296
stimulated 17-OHP response, 180
stimulated steroid levels, 295
stimulation, 162, 169, 287, 297
test, 152, 156, 159–161, 184
unresponsiveness, 555

Adrenocorticotropin (ACTH), 48, 92, 134,
353, 629, 902

synthesis, 756
Adrenodoxin, 148

reductase, 148
Adrenogenital syndrome, 164, 166
Adrenohypocorticism, 155–156
Adrenoleukodystrophy, 157–158

gene, 157
maps to the long arm of the X chromo-

some (Xq28), 157
Adrenomedullary

hormones, 193
hyperplasia, 197–198
tissue, 194

Adrenomyeloneuropathy (AMN), 157, 158
Adult height, 6, 220, 222–225, 245, 251,

866
prediction, 5
range of, 12

Adulthood obesity, 832
Adult-onset disorders, 16
Adults with antecedent of LBW, 20
Advanced skeletal maturity, 825
Aerobic

exercise, 844
oxidation, 557

AFLP (see Acute fatty liver of pregnancy)
African-Americans, 628, 633
AGA (see Appropriate for gestational

age)
Age and gender-specific RDA, 32
Agenesis, 305

of cervix/endometrium, 303
of the corpus callosum, 762
of the mullerian structure, 305
of vagina, 303

Age of puberty, 213
Aging process, 689
Agouti-related transcript (ART), 833
AHC (see Adrenohypocorticism)
AHO (see Albright hereditary osteodystro-

phy)
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AIDS, 880–881, 885–886 (see also Ac-
quired immunodeficiency syn-
drome)

patients, 884
related complex (ARC), 881
wasting, 88, 887

Air displacement plethysmography, 830
AIRE (see Autoimmune regulator)
AITD (see Autoimmune thyroid disease)
AL (see Argininosuccinic acid lyase)
Alacrima, 157
Alagille syndrome, 67
Alanine, 581, 600, 672

aminotransferase (ALT), 586
infusion, 563
turnover, 557

Albright hereditary osteodystrophy, 445,
449, 494, 503, 531–533, 751–752

features, 445
habitus, 446

Albumin, 26
Albumin/creatinine ratio, 664
Albuminuria, 662
Alcohol, 22

ingestion, 16
intoxication, 590

ALD (see Adrenoleukodystrophy)
Aldactone, 912
Aldolase B gene, 589
Aldosterone, 103, 147–148, 151, 154,

158–159, 163, 169–170, 179, 187,
434, 673, 725, 760, 769, 904

deficiency, 157–158
18-dehydrogenase, 158
excess, 907
regulation, 905
resistance, 162
secretion, 151, 153, 161–162, 169,

760
synthase genes, 905
synthetase, CYP11B2, 8q22, 147, 148
urinary excretion, DOC, 154

Aldosterone-producing adenomas (APAs),
725, 900, 903

Aldosterone-producing tumors, 736
Aldosteronoma, 612
Alendronate, 536
ALK2, 323
Alkaline phosphatase, 504
Alkali therapy, 492
Alkalosis, 494, 500
Alkaptonuria, 795
Alopecia, 160, 181, 396, 434, 435, 437,

521
areata, 707

�-adrenergic blockers, 908
Alpha-1 or alpha-2 chains of type I colla-

gen, 532
�-estrogen receptor defect, 294
Alpha-fetoprotein (AFP), 487, 738
Alpha-glucosidase inhibitors, 639
Alpha-hCG, 742

Alpha subunit
of G-protein, 533
secretion, 217

Alpha thalassemia, 750
Alstrom syndrome, 228, 230, 836
Alport syndrome X-linked, 924
ALT (see Alanine aminotransferase)
Aluminum, 526

contamination, 503
hydroxide, 455
hydroxide gel y, 497
salts, 503
toxicity y, 497

Alymphopenia syndrome (AR), 121
Ambiguous, 179
Ambiguous genitalia, 183–184, 186, 248,

304, 325, 326–328, 340
diagnosis of, 334, 336

Ambulatory blood pressure monitoring
(ABPM), 900

AME (see Apparent mineralocorticoid ex-
cess)

Amenorrhea, 60, 226–227, 232–234, 270,
288–290, 298, 305, 308, 325, 331,
825, 869

American College of Obstetricians and
Gynecologists, 16

American Diabetes Association (ADA),
75, 634, 657, 841

diet, 658
American diet, 842
American Heart Association, 841

guidelines, 640
Ames dwarf mouse, PROP1 gene, 56
AMH, 319, 321, 323, 331, 333
Amidoriglycation products, 623
Amiloride, 769

diuretics, 766
Aminoacidemia, 672
Amino acids (AA), 600, 787, 789

metabolism, disorders of, 590
Aminoaciduria, 589
Aminoacyl-tRNA synthetase in osteo-

blasts, 33
�-Aminobutyric acid (GABA), 695
Aminoglutethimide, 166
Ammonia, 594, 809

levels, 791
Ammonium level, 787
Amniotic fluid 17-OHP, 184
Amphetamines, 226, 845
Amputation, 636
Amylase levels, 674
Amylin, 486
Amylo-1,6-glucosidase deficiency (type

III), 582, 587
Amyloid deposits, 198
Anabolic agents, 94, 530, 886
Anabolic steroids, 12, 15, 919
Anaclitic depression, 62
Anagen, 282–283
Anaplastic carcinomas, 727

Anastrozole, 223
Anatomical abnormalities in the hypotha-

lamic-pituitary region, 230
Anatomical sex differentation, 320
Androgenic

effects, 919
steroids, 278

Androgenicity, 277
Androgen-producing tumor, 293, 303
Androgens, 166, 168, 181, 187, 211, 229,

284
bioaction, 284
biopotency, 280
dependent hairs, 282
enzymatic synthesis defect, 228
excess, 277
excess symptoms, 284
for growth, 249
insensitivity, 227, 328, 331, 750
insensitivity syndrome, 228, 233, 328,

331
insensitivity syndrome, partial, 226
levels, 226
metabolism, 277, 282
metabolism in normal females, 278
overproduction, 277
receptor (AR), 325
receptor gene, 292
receptor gene polymorphism, 294
receptors, 530
resistance syndrome, 304
secretion, 222
sources, 280
stimulation, 282

Androgen-secreting tumors, 221, 334
Androstenediol, 278
2�-Androstenediol, 187
5�-Androstenediol, 278
3�-Androstenediol glucuronate, 295, 299
Androstenedione, 168, 178, 214, 219, 226,

278, 299, 835, 917, 920, 949
�4-androstenedione, 184
Androsterone, 280
Anemia, 99, 158
Anencephaly, 54, 162, 340
Anestrogenic maturation index, 257
Aneurismal rupture, 242
Angelman syndrome, 749
Angiogenesis, 726
Angiogenisis stumulators, 414
Angiotensin, 151, 905

converting enzyme inhibitors (ACEI),
640

Angiotensin I, 760
Angiotensin II, 151, 187, 757, 760

angiotensinogen, 151
antagonist, 908
type-1 receptor (ATR-1), 725

Angiotensin III, 760
Angiotensin-converting enzyme

genotype, 633
inhibitors, 771
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Angular cheilosis, 435
Aniridia, 326
Ankylosing spondylitis, 688, 690
Anomalous pulmonary venous return, 241
Anorchia, 226
Anorectic drugs, 845
Anorexia nervosa, 29–32, 158, 228, 233–

234, 246, 304–305, 527, 529,
826–827

Anosmia, 158, 228, 230, 304
Anovulation, 182, 291
Anovulatory

bleeding, 270
dysfunctional bleeding, 259
dysfunctional uterine bleeding, 258

Anoxia, 557
Anterior pituitary, 56

hormone deficiency, 54, 60, 233
Anthropologists, 2
Anthropometer, 8
Anti-ACTH autoantibodies, 689
Antiandrogens, 325
Antiandrogens of therapy, 299
Antibody-based assays, 936
Anticonvulsant rickets, 520
Anticonvulsants, 771

use, 492
Antidiuresis, 757
Antidiuretic hormone (ADH), 92, 161
Antidiuretic therapy, 766
Antiendomyacil antibodies, 30, 34
Anti-GAD antibodies, 615
Anti-GH antibodies, 58
Antigliadin antibodies, 30
Antihyperglycemic drugs, 846
Anti-insulin receptor antibodies, 612
Anti-islet cell, 615

antibodies, 884
Antimullerian hormone (AMH) gene, 320
Antimullerian type II receptor gene, 333
Antineoplastics, 226, 771
Antiobesity medication, 846
Anti-P450c21 antibodies, 437
Antiparkinsonian, 771
Antipsychotics, 771
Antipyretics, 771
Antiresorptive agents, 530
Antiretroviral treatment, 876
Antithyroglobulin autoantibodies, 702
Antithyroid

autoantibodies, 883
drugs, 394, 399
drug treatment in pregnancy, 354

Antithyroperoxidase antibodies, 351
Anti-TSH autoantibodies, 689
Aortic

aneurysm, 138
coartation, 239
dissection, 242
insufficiency, 241
root dilation, 123, 242
stenosis, 241

APAs (see Aldosterone-producing adeno-
mas)

APECED (see Autoimmune polyendocri-
nopathy)

Aphallia, 339
Aphasia, 397
Apheresis, 863
Aplasia, 305

of the thymus, 437
Aplastic alae nasi, 15
Apo B, 863
Apo E receptor, 859
Apocrine glands, 211
Apomorhine, 758
Apoptosis, 395, 683, 686, 687, 835
Apparent mineralocorticoid excess (AME),

903, 905, 906
Appetite

center, 840
changes, 60
regulation, 839
stimulants, 886

Appropriate for gestational age (AGA),
542

neonates, 548
term, 547

APS-1, 705
APS-2, 705
AQP2 (see Aquaporin-2)
AQP2 synthesis, 759
Aquaporin-2 (AQP2), 755, 759

genes, 775
mutations, 768
water channel, 771

Aqueous vasopressin, 764
Arachinodactyly, 138
Arachnoid cyst, 60–61, 215
Arachnoiditis, 840
ARC (see AIDS-related complex)
Arginase, 788

deficiency, 788–789
Arginine, 34, 745, 787, 791

L-dopa, 940
vasopressin, 48, 766

Arginine and combined argine-L-dopa test
for GH secretion, 939

Arginine/Growth Hormone Evocative Test,
963

Argininosuccinic acid
lyase (AL), 788
lyase deficiency, 788
synthetase deficiency, 787–788

Arm span, 7, 126
in relation to age, 998

Aromatase
deficiency, 290, 530
inhibitors, 95–96, 98, 223, 231
inhibitor therapy, 92

Arrhenoblastoma, 166, 226
Arrhythmia, 496
Arterial infusion of Ca, 496
Arterial thromboses, 529

Arteriography, 475
Arthritis, 688
Artificial pancreas, 637
Arylsulfatase E, 128
AS deficiency, 789, 792
Asparaginase treatment, 788
Aspartame, 846
Aspartate, 787
Aspermia, 137
Asphyxiated neonate, 554
Asphyxiating thoracic dysplasia (ATD)

(Jeune), 118
Aspiration pneumonitis, 31
Assay specificity, 936
Assisted fertility, 235
Assisted reproductive technologies, 244
Asthma, 100
Astrocytes, 787
Astrocytoma, 215, 219
Asymptomatic goiter, 362

celiac disease, 30
hyperammonemia, 584
hypoglycemia, 602

Ataxia, 397, 792, 808, 809
telangiectasia, 696

Atelosteogenesis 2, 119, 128
omodysplasia, 118, 531

Atenolol, 196, 908, 910
Atherogeneity, 859
Atherosclerosis, 626, 632
Athletic performance, 917, 919, 921
Athyreosis, 349–350, 352–353
Atopic diseases, 689
ATP (see Adenosine triphosphate)
ATP-sensitive potassium channels, 579
ATR-1 (see Angiotensisn II type-1 recep-

tor)
Atrial natiuretic peptides, 769, 772, 775
At-risk families, 636
Atrophic thyroiditis, 689, 691, 697
Atropine, 907
Attenuated growth, 3
Atypical diabetes mellitus (ADM), 612,

614, 631
Autism in 45,X patients, 245
Autoantibodies, 687, 690

detection, 707
to endocrine organs, 98
to thyroglobulin, 698

Autocrine and paracrine production of
IGF-I, 54

Autoimmune
Addison’s disease, 702
adrenalitis, 702
alopecia totalis or areata, 689
atrophic gastritis, 704
chronic lymphocytic thyroiditis, 361
diabetes insipidus, 689, 704
disease, 101, 228, 688
disease associations, 705
disease type I, 160
disease type II, 160
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[Autoimmune]
diseases, classification, 689
endocrinopathies, 683, 689, 707
endocrinopathy associations, 706
gonadal atrophy, 434
gonadal failure, 233
Hashimoto thyroiditis, 394
hepatitis, 434, 705
hypoglycemia, 691, 696
hypoparathyroidism, 689
hypophystitis, 61
hypothyroidism, 699
-mediated infantile hypothyroidism, 363
oophoritis, 233, 303–304
pernicious anemia, 705
polyendocrinopathies, 707
polyendocrinopathy (APECED) 432,

433, 434, 436, 449, 150, 454–455,
705

genes, 437
prevalences (%) of the common com-

ponents of, 435
polyglandular syndrome, 691, 705
polyglandular syndrome type 1, 689,

702–703, 705
polyglandular syndrome type 2, 689,

705
primary gonadal failure, 689
regulator (AIRE)

gene, 437
mutations, 451

thyroid disease (AITD), 355, 393–396,
691, 697, 705–706

on the fetus and newborn, effects of
699

thyroiditis, 364, 367, 396, 398, 403,
698, 700

thyrotoxicosis, 399
vitamin B12 malabsorption, 437
vitiligo, 689

Autoimmunity, 246, 687–688
Autonomic

epilepsy, 195
neuropathy, 625–626, 658
symptoms, 600

Autonomous hyperparathyroidism, 523
Autosomal dominant

HP, 442
hyperinsulinism, 561
hypocalcemia, 470
hypoparathyroidism, 433
hypophosphatemia, 523
hypophosphatemic rickets (ADHR),

523
Autosomal hypophosphatemic rickets,

522
Autosomal recessive

hypoparathyroidism, 433
hyperinsulinemia, 555

Avandia, 300
Average anthropometric measurements,

1001

Average height, 1
Aversion therapy, 845
Avoiding obesity, measures, 31
Azathioprine, 616
Azoospermia, 328

B12, 32
B2-adrenergic receptors, 689
Background retinopathy, 666
Balanced diet, 659, 843
Bardet-Biedel syndrome, 230, 303–304
Baroreceptors, 757
Barth syndrome, 795, 809
Bartter syndrome, 168–169
Basal

energy expenditure, 834
ganglion calcification, 432
metabolic rate (BMR), 832

Bayley-Pinneau, 6
B-cells, 687, 740

receptor, 687
BCKD (see also 2-Ketoacid dehydroge-

nase)
Bechcet syndrome, 690
Beckwith-Wiedemann syndrome (BWS),

140, 200, 555, 558, 563–564, 582,
598, 725, 735

clinical manifestations of, 140
gene, 561

Behavior, 22
factors, 841
modification, 844–845, 847
psychosocial deviations, 30
therapy, 845

Benign
adenomas, 724
fibroma, 524
nodules or thyroid cancer, 868

Benn index, 829
Bent-bone dysplasia, 123
Benzoylcarnitine, 791
Beta-adrenergic

agonists, 612
blocking agent, 139
receptors, 834

�-adrenergic blockers, 908
Beta-blockers, 354
Beta-cell (�-cell)

antigen, 696
autoimmunity, 693
candidate genes in diabetes mellitus, 632
destruction, 664
dysfunction, 583
function, 629, 837
glucagen-like peptide-1 receptor, 632
glucokinase, 584
glucose metabolism, 584
hyperplasia (DiPHHI), 558, 561–562
mass, 616
reserve, 633
tumors, 741

Beta-hCG, 742

�-hCG screening test, 297
�-hemolytic streptococcus vaginitis, 259
�-human chorionic gonadotropin (bhCG),

239
Beta islet cell tumors, 723
Beta-lactoglobulin, 694
Beta-MSH, 834
�-oxidation, 672

cycle, 582
Beta-sympathomimetic tocolytic therapy,

562
Beta thalassemia, 750
Bicarbonate therapy, 677–678
Bicuspid aortic valve, 241
Biguanides, 638–639
Biliary

atresia, 520
obstruction, 530

Binge eating, 841
Binging, 31
Bioactive androgens in blood, 282
Biochemical abnormalities in various

types of rickets, 520
Biochemical indices, 28
Bioelectrical impedance, 829
Bioinactive GH, 59
Biophosphonates, 500
Biostator, 616
Biosynthesis of adrenocortical steroids,

147–148
Biosynthetic pathway of adrenal steroids, 147
Biotin, 797, 810
Bipotential gonad, 319
Birth asphyxia, 495
Birth size, 34
Birth weight, 876

adult-onset disease, relation between, 20
length in perinatally acquired HIV in-

fection, 877
Bisexual, 338
Bisphonates, 501
Bisphosphonate, 474, 722, 767
Bitemporal homonymous hemianopsia, 60,

134
Bleomycin, 738
Blindness, 157
B-lipotropin, 159
Blomstrand chondrodysplasia, 471
Blomstrand chondrodystrophy, 494
Blood

catecholamines, 907
gases, 34
lipids, 662
osmolality, 755

Blood glucose, 656
concentrations, 546
goals, 666

Blood pressure levels for the 90th percen-
tile of blood pressure

boys, aged 1–17 years by percentile of
height, 899

girls, aged 1–17 years by percentile of
height, 898
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Blood pressure levels for the 95th percen-
tile of blood pressure

boys, aged 1–17 years by percentile of
height, 897

girls, aged 1–17 years by percentile of
height, 896

Bloom syndrome, 15, 17, 230, 750
Blount’s disease, 824
Blubbery/bumby lip look, 198
Blue diaper syndrome, 498
Blue nevi, 407
BMI (see Body mass index)
BMI percentiles, 848
BMR (see Basal metabolic rate)
BM test for glycemia, 546
BNP (see Brain natriuretic peptide)
BNP synthesis, 760–761
BodPod Body Composition System, 830
Body

adiposity, 829–830
appearance, 31
composition, 836, 839, 847, 917
density, 829–830
fat, 829
image, 31, 826
image problem, 827
parts standards, 9
proportions, 7
segment proportions, 34
shape, 30
surface area nomogram and equation,

1009
zinc clearance, 33

Body mass index (BMI), 2–3, 31, 77,
245, 626, 630 634, 823, 828, 829,
832, 848

for age, boys, 2–20 years, 993
for age, girls, 2–20 years, 983

Body size, 1
adaptation to a limited food supply,

29
Body weight, 30, 827, 845

control, 289
deficit for theoretical weight, 26
gain, 835
progression, 25

Bogalusa heart study, 626, 628
BOHB (see �-hydroxybutyrate)
Bohr curve, 673
Bone

disease, 258
formation and mineralization, 33,

527
marrow transplantation, 867
matrix, 528
maturation, 7, 14, 353
remodeling, 431
resorption, 428

Bone age, 6, 23, 34, 219, 250–251, 877
delay, 14
delay, pathological short stature, 7
isolated GH deficiency, 92

[Bone age]
maturation delay, 7
patients with, familial or genetic short

stature, 7
Bone density, 224, 243, 527, 529

as adults, 13
Bone dysplasia, 248

types 15
Bone mineral, 22, 835

accumulation, 527
content, 214, 529, 830
density, 231, 251, 619, 767
density after cranial irradiation, 871

Borjenson-Forssman-Lehmann syndrome,
228

Bovine serum albumin, 617
Bowing of legs, 504
BP-3 levels, 939
Brachial cleft cyst, 394
Brachydactyly, 122
Brachydactyly, type E, 14, 122
Brachymetacarpia V, 8–9, 14, 445, 1010
Brachymetatarsia, 445
Brachyolmia, 128
Brachyolmia spondylodysplasias, 531
Brachyphalangia, 445
Brain

death, 763, 775
development in utero, 72
edema, 812
glucose metabolism, 576
morphology, 245
tumor, 160, 773
glucose utilization, 553
midline defects, 160
sparing phenomenon, 16

Branched-chain amino acids, 591, 672,
792, 800, 811

Branched-chain keto acid dehydrogenase,
591

Branched-chain 2-ketoacids (BCKA),
811

Branchial cleft, 402
Breast

development, 211–212, 214, 257
feeding on growth, 3
growth, 212
and pubic hair development, 232

Breastfed babies, 3, 21, 26, 535, 630
Breast milk, 21

fortifiers, 472
Brenner tumor, 334
British National Registry of Childhood

Tumors, 865
Brittle hair (trichorrhexis nodosa), 789
Bromocriptine, 135, 142, 166, 234, 728,

723, 729
Bronchial carcinoid, 769
B-subunits of LH and FSH, 230
Bulimia nervosa, 30, 304–305
Bulking agents, 846
Bulldog syndrome, 926

Bullus pemphigoid, 689
Bumetanide, 912
Bumex, 912
Burn injury, 531
Burns, 88, 531
Busulfan, 869
BWS (see Beckwith-Wiedemann syn-

drome)

C4A, 183
C4B, 183
Ca (Calcium), 81

absorption, 499
accretion, 492
binding proteins (CaBP), 489
chloride, 496
content of oral preparations, 453
deficiency, 488
gluconate, 496
infusion, 449
intake, 424
metabolism, 491
salts, 453
sensing receptor (CaR), 485
supplementation, 453, 492
therapy, 491
transport, 489

Ca2�, 426
binding calmodulin, 429
carbonic anhydrase gene, 534
channels, 426, 429
reabsorption, 427
sensing receptors (CaRs), 422

Cabergoline, 729
Cachectic states, 653
Cachexia, 879
Café-au-lait

pigmentation, 751
spots, 15, 216, 257, 407

Caffeine, 918
Ca-gluconate injection, 449
Ca-gluconate solution, 453
CAH (see Congenital adrenal hyperplasia)
Calbindin D, 489
Calbindin D 28K, 489
Calbindin D9K, 429
Calbindins, 425
Calcemia, 447
Calcidiol, 535
Calciferol, 443

deficiency rickets, 521
in plasma, 424
sterols, 421, 454–453

Calcifications of the basal ganglia, 433,
448

Calcilo XD, 500
Calciomimetic agents, 474
Calciotropic hormone, 422, 491
Calcitonin (CT), 404, 408, 410, 417, 423,

457, 474, 482, 483–485, 489, 492,
493, 498, 831

deficiency, 804
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[Calcitonin (CT)]
gene, 408, 485
plasma levels, 198
-producing C-cells, 197, 438
receptor (CTR) gene, 487
stimulation, 197

Calcitriol (1,25-dihydroxycalciferol), 421–
424, 426, 428–430, 446, 449,
454–455, 471, 488, 517, 521,
523–524, 535–536

action, 425
deficiency, 430, 446–447, 521
effects of, 428
production, 424
receptor defects, 535
resistance, 518, 521
resistant rickets, 520
supplementation, 536

Calcium (Ca), 429, 481, 678, 844
absorption, 520
binding protein, 164
channel blockers, 196, 566
deficiency, 518, 520
deficit, 13
depletion, 500
homeostasis, 422
infusion, 416
ionized, 493
metabolism, 485
nutrition, 531
pentagastrin test, 944
phosphate homeostasis, 488
and phosphorous homeostasis, 481, 490
sensing receptor (CaSR), 470
sensing receptor mutations, 498
stores, 469
supplementation, 455
supplements, 530

Calciuria, 455, 484, 504
Calculation of maintenance fluid levels,

676
Caloric

dense snacks, 848
expenditure, 837
intake, 836
intake before exercise, 659
intake inadequate, 234
reduction, 843
restriction, 841, 844

Calories provided by 1 g intravenous glu-
cose, 790

Calorimetric technique, 841
Calpain-10, 631
Cameron-Miller tube, 272
c-amp response, 451
cAMP, 759

values after PTH, 946
Campomelic dysplasia, 123, 126, 327,

335
Camurati Engelman, diaphyseal dysplasia

(n), 125
Cancer risk, 101

Candida, 885
albicans,438
antigens, 436
vaginitis, 260

Candidal
esophagitis, 435
vulvovaginitis, 435

Candidiasis, 263, 432–435
ectodermal, 438

CAPN10 gene, 631
Captopril, 910
Ca-R, 433, 451

gene, 422, 485, 493
Carbamazepine, 367, 400, 773
Carbamylphosphate synthetase (CPS), 788

deficiency, 788
Carbegoline, 728
Carbimazole, 400
Carbohydrate

absorption, 842
balance, 841
counting, 659
cravers, 840
deficient glycoprotein syndrome, 582
intolerance, 90
metabolism, 101

Carboxylation of propionyl-CoA, 591
Carcinoembryonic antigen, 410
Carcinoid, 739

syndrome, 203
Carcinoma, 393–394, 735

parathyroid glands, 473
thyroid, 402

Cardiac
defects, 438
glycogen, 557
malformations, 247

in Turner syndrome, 242
Cardiomyopathy, 592, 594
Cardiorespiratory fitness, 844, 848
Cardiovascular

disease, 16, 624
heart disease (CVD), 846
risk factors, 637

Carditis, 688
Carmustine (BCNU), 869
Carney complex, 197, 407, 409, 414, 725,

735
Carnitine, 594–595, 597, 600

acylcarnitine translocase (translocase),
801

deficiency, 590, 595, 791
levels, 803
loading, 595
metabolism, 592–593, 596

disorders of, 592
palmitoyl transferase I (CPT-I), 576,

799, 801
palmitoyl transferase II (CPT-II), 799,

801
supplementation, 596
transport, 595, 801

[Carnitine]
transport and metabolism, 582
transport defects, 592, 595

Carotenemic skin, 364
Carotid sinus, 757
Carpal tunnel syndrome, 102, 619
Carpenter syndrome, 160, 335, 705,

836
Carpopedal spasm, 431, 495
Ca-Rs (see Ca2�-sensing receptors)
Cartilage

growth, 128
hair hypoplasia, 121, 126, 129–130,

750
oligomeric matrix protein (COMP), 128,

533
CaSR gene, 472–473
Catagen (apoptosis-driven regression),

282–283
Cataracts, 432, 621, 808
CATCH 22, 439
Catch-up growth, 5, 19, 23–24, 26, 29,

244, 368, 839
in NOFTT, 24

Catecholamines, 193, 197, 201, 211, 485,
559, 654, 671

excess, treatment of, 908
induced pulmonary edema, 196
metabolites, 201
O-methylated, 193
plasma/urinary 203
producing tumors, 193, 907
release, 486
secretion, 203, 673
synthesis, metabolism, 193

Catechol-O-methyltransferase (COMT),
193

Cathepsin K, 125, 128
Caudal regression, 559
Caudal urogenital sinus, 321
Cauliflower ears, 119
Causes

of contrasexual pubertal development,
prepubertal or pubertal onset, 226

of delay or lack of pubertal develop-
ment, 228

of growth failure in TS, 245
of hyperammonemia, 788
of hypertension, 900
of juvenile primary hypothyroidism,

362
of menstrual disorders, 303

Cavernous hemangioma, 259
CBFA1, 128
C-cell (calcitonin-secreting) tumors,

723
CCK antagonist L364,718, 840
CD4, 687

cell counts, 877, 880, 885–886
levels, 878
positive, 685
T cells, 684–685, 698
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[CD4]
T lymphocyte count, 879
th1-mediated cell-mediated response,

700
CD8, 687

cell counts, 880
cells, 691
T cells, 683, 686

CD28, 687
CDKN2A gene, 728
CDMP1, SoX9, 128
Celiac disease (CD), 25, 29–30, 246, 434,

622, 662, 664, 689, 705
Celiac sprue, 705
Cell aplasia, 705
Cell size, 16
Cell-mediated autoreactivity, 690
Cell-surface autoantibody determinations,

690
Celomic epithelium, 319
Central diabetes insipidus, 761–763, 766,

776
Central hypothyroidism, 353, 868, 883
Central incisor syndrome, 228
Central nervous system (CNS), 211

abnormalities, 215, 217
adhesion protein (KAL anosmia), 230
damage, 601
germinomas, 221
infection, 47
lesions, 219, 221
malformations, 47
pathology, 73
radiation therapy, 47, 219
tumors, 47

Central obesity, 835
Central pontine myelinolysis, 773, 776,

789
Central precocity, 220

in boys, 220
growth chart, 223

Central precocious puberty (CPP),
215, 216, 217, 219, 223, 225,
292

Cereals, 848
Cerebellar degeneration, 689
Cerebral

angitis, 397
anoxia, 679
edema, 674–675, 678–680, 775, 790,

796
hypoglycemia, 576
insults, 763
palsy, 21, 530
salt-wasting syndrome, 775
vascular accident, 669, 775

Cerebral gigantism (Sotos syndrome),
134–135

clinical manifestations of, 136
Cerebrohepatorenal syndrome, 127
Cerebrospinal fluid pressure monitoring,

680

Cerebrovascular disease, 16
CF, 640
CFRD (see Cystic fibrosis related diabe-

tes)
CGD (see Constitutional growth delay)
CGRP (see CT gene related peptide)
CGRP-2 gene, 486
CH (see Congenital hypothyroidism)
CHARGE, 335

association, 332
syndrome, 228

Chart reviews, 962
Chelation therapy, 234
Chemodectomas, 194
Chemoreceptors, 757
Chemotherapy, 166, 865–866, 870

agents cytotoxic for the testis and
ovary, 869

related damage to the ovary, 869
Chemstrip bG, 546
Chernobyl thyroid cancer, 412
Chevostek’s sign, 475
Chiari malformation, 75
Chickenpox, 617
Chief cells, 421
Child behavior checklist scores, 246
Childhood obesity, 633, 823, 825
Childhood osteoporosis, 526, 536
Childhood testicular tumors, 738
Child’s size at birth, 13
Chlorothiazide, 585
Chlorpropamide, 773
Cholecalciferol, 423, 487
Cholecystokinin, 487, 840
Cholelithiasis, 142, 434, 567, 824
Cholesterol, 30, 247, 626, 633, 637, 640,

658, 662, 664, 824, 859
esters, 148
intake, 843
levels, 844, 860
side-chain cleavage (CYP11A, 15223-

q24), 148
Cholestyramin therapy, 434
Chondrocytes, 54, 128, 428
Chondrodysplasia, 114

clinical, genetic and radiographic fea-
tures, 118–125

morphological grounds, 128
punctata, 121, 126–128, 531, 533
radiographs, 115

Chondroectodermal dysplasia (Ellis van
Creveld), 118, 127

Chondroosseous tissue, histological exami-
nation, 128

Chondroprogenitor, 428
Choriocarcinoma, 215, 326, 739
Chorioepithelioma, 215
Chorionic

gonadotrophic cluster, 751
gonadotropin, 762
gonadotropin secreting tumors,

221

[Chorionic]
gonadotropin stimulation, 330
villus sampling (CVS), 184, 750

Chromaffin cell tumor, 193
Chromogranin A, 421, 487
Chromosomal anomalies, 243
Chromosomal deletion in 8q24.12, 122
Chromosomal sex, 319
Chromosome 1, 170, 730, 750

deletion, 202
Chromosome 1p21, 587
Chromosome 1q22, 413
Chromosome 1q42-q43, 441
Chromosome 2 (2p24), 200
Chromosome 2, 324, 699, 834
Chromosome 2q33, 699, 701
Chromosome 3, 561
Chromosome 3p22-p21.1, 423
Chromosome 3p25-26, 199
Chromosome 3q13, 422
Chromosome 3q13.3-q21, 485
Chromosome 4p16, 761
Chromosome 4p16.3, 533
Chromosome 4q11-13, 487
Chromosome 4q31, 162
Chromosome 5, 50
Chromosome 5q21, 414
Chromosome 5q31-q32, 162
Chromosome 5q32-q33.1, 534
Chromosome 6, 683, 699
Chromosome 6p, 395
Chromosome 7, 472, 762
Chromosome 7q21.2-q21.3, 487
Chromosome 7q22-q31.1, 401
Chromosome 8, 489
Chromosome 8q22, 147, 169
Chromosome 8q24, 395
Chromosome 9, 326, 750
Chromosome 9p33, 320
Chromosome 9q22, 330
Chromosome 10, 158, 412, 439, 440, 695
Chromosome 10q11.2, 197
Chromosome 10q23, 414
Chromosome 10q24-25, 147
Chromosome 11, 470, 561
Chromosome 11p13, 320
Chromosome 11p14-15.1, 561
Chromosome 11p15, 421, 483, 561, 563
Chromosome 11p15.2, 485
Chromosome 11q13, 472, 721, 725
Chromosome 12, 488, 699
Chromosome 12q13, 157
Chromosome 12p12.2, 586
Chromosome 12q 13-14, 425, 488, 521
Chromosome 13, 699
Chromosome 14, 699
Chromosome 14q31, 701
Chromosome 15, 55, 67, 138, 749, 836
Chromosome 15q23-24, 147
Chromosome 17, 412, 725
Chromosome 17q 24.3-25.1, 320
Chromosome 17q11.2, 199
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Chromosome 17q21, 586
Chromosome 17q23-24, 414
Chromosome 18q21, 701
Chromosome 19, 323
Chromosome 20, 755
Chromosome 20q, 494
Chromosome 20q13.2, 423, 446, 488
Chromosome 20q13.3, 494
Chromosome 21 and X, 395
Chromosome 21, 705
Chromosome 21q22.3, 437
Chromosome 22, 328
Chromosome 22q11.2, 438–439

deletion, 438
Chromosome II long arm deletion, 292
Chromosome Yp11.3, 320
Chromosomes, 10
Chronic

active hepatitis, 689
alcoholism, 164
bullous disease of childhood, 689
diarrhea, 203, 443, 808
dieters, 847
diuretic therapy, 502
granulomatous disease, 155
hepatitis, 704
hyoxemia, 824
hypoadrenocorticism, 159
hypocalcemia, 423, 470
hypokalemia, 169
hypomagnesemia, 493
hypophosphatemia, 501
inflammatory bowel disease (CIBD),

25–26, 29
inflammatory demyelinating polyradicu-

loneuropathy, 689
lymphocytic gastritis, 689, 704
lymphocytic thyroiditis, 160, 394, 396,

398, 403, 695, 697, 706
neuropathy with monoclonal gammopa-

thy, 689
thyroiditis, 697
undernutrition, 16
vulvovaginitis, 262

Chronic autoimmune
hepatitis, 704
thyroiditis, 362, 394, 396

Chronic renal
disease, 66, 234
failure, 88, 99, 485, 772
insufficiency, 104

Chronic urticaria, 396
with or without angioedema (CUA),

397
Chronological order of appearance of os-

seous centers
6–13 years, 1007
birth to 5 years, 1006

Chronological order of union of epiphysis
with diaphysis, 1008

Chvostek’s sign, 431, 495
Chvostek test, 449, 455

Chylomicrons, 861
Circadian patterns of adrenal and gonadal

steroids, 281
Circadian rhythms, 938
Circadian secretion of growth hormone

(GH), 877
Circulating calcium concentrations, 481
Circulating phosphorous concentrations,

482
Cirrhosis, 588
Cisplatin (cis-DDP), 869
Cisplatin, 165, 738
Citochrome oxidase deficiency, 809
Citrulline, 791

levels, 787, 789
CJD (see Creutzfeldt-Jakob disease)
CK (see Sreatine kinase)
Class I MHC molecules, 683
Class II MHC expression, 688, 698
Class II MHC molecules, 685–686
Classic 21-OHD, 183
Classic congenital adrenal hyperplasia,

178
Classic and non-classic 21-hydroxylase

deficiency, comparison of, 180
Classification of chondrodysplasias based

on radiological involvement of
long bones, 114

Classification of male pseudohermaphrodi-
tism, 328

Clear cell adenocarcinoma, 258–259, 268
Cleft lip, 160
Cleft palate, 29, 126, 160, 186
Cleidocranial dysplasia, 122
Clenched fists, 21
Clinical assessment, 665
Clinical evaluation of individuals positive

for various autoantibodies, 707
Clinical features of hypercortisolemia in

children and adults, 736
Clinical and laboratory findings, different

types of PHP, 444
Clinical syndromes associated with

mtDNA defects, 809
Clinical trials, 963
Clinodactyly, 15
Clitoral

diameter to infant’s weight plotted
against menstrual age, 974

enlargemant, 178, 295
hypertrophy, 334

Clitoromegaly, 182, 184, 226, 293, 739
Cloaca, 321
Cloacal anomalies, 334
Clomiphene citrate, 291
Clonal deletion, 687, 688
Clonidine, 13, 34, 910, 940

stimulation test for GH secretion, 940
suppression test, 950
test, 195

Cloverleaf skull, 118
Clubfeet, 119, 122, 126

Clucocorticoid-producing adenomas,
726

C-met, 413
CMV infection, 881
CNP, 760
CNS (see Central nervous system)
Coactivator ARA-24, 324
CoA-esters, 791
Coagulation system, abnormalities in the

623
Coagulopathy, 623
Coarctation of the aorta, 195, 239, 241,

900
COC, 299, 308
COC and GnRH analog, 308
Cocaine, 601
Coccidiomycosis, 159
Coding supplement, 959
Coenzyme-Q10, 810
Cognitive deficits, 600
Cognitive functioning, 245
Cohen syndrome, 836
COL2A1, 532
Cold injury, 557
Cold nodules, 727
Cold stress, 114, 564

neonate, 554
Collagenopathies, 114, 532
Collagens type II, IX, X and XI, 128
Collagen type I and IL-2, 425
Collagen vascular disease, 396, 689
Collections for services, 961
Colloid goiters, 403
COLnAm, 528
Colorectal cancer, 824
Coma, 334, 670, 674, 787
Combined hormonal stimulation test, 944
Community-based programs for diabetes,

636
Compensated hypothyroidism, 367, 395
Compensated or subclinical hypothyroid-

ism, 366
Compensatory fantasies, 35
Complement deficiency, 750
Complete AIS (CAIS), 331
Complete androgen insensitivity, 303
Complete X monosomy, 239
Complex carbohydrates, 658
Complications of hypertension, 906
Computerized axial tomography (CT), 830
COMT, 194, 201
Conditions associated with hypoglycemia

in the neonate, 555
Condylomata acuminata, 258, 261, 266

lesions, 262
C1/C2 subluxation, 118, 126
Congenital

adrenal hyperplasia (CAH), 154–155,
157, 166, 175, 181, 182, 183, 187,
220, 233, 258, 285, 288, 293, 297,
303, 304, 333, 336, 563, 585, 738,
750, 900, 902, 903
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[Congenital]
adrenoleukodystrophy, 154
adrenal hypoplasia, 585
autosomal nephrogenic diabetes insipi-

dus, 768
chloride diarrhea, 750
dislocation of the hip, 242
hemoglobinopathy, 304
hyperinsulinism, 561, 583, 585, 596
hyperthyroidism, 347, 354–355
hypomagnesemia, 443
hypoparathyroidism (HP), 432, 441, 498
hypophosphatasia, 126
hypopituitarism, 234, 353
lipoid adrenal hyperplasia, 233, 328–

329
lipoid hyperplasia, 178
lymphedema, 247, 442
malformations, 869
micropenis, 339
osteopetrosis, 126
primary hypothyroidism, 361
PTH deficiency, 432
renal abnormalities, 900
rickets, 503–504
rubella, 612–613
virilizing adrenal hyperplasia (CVAH),

215
X-linked diabetes insipidus, 767
X-linked nephrogenic diabetes insipidus,

768, 769
Congenital GH

deficiency, 54
insensitivity, 64

Congenital heart
defect, 15
disease, 440, 495, 557

Congenital hypothyroidism (CH), 347,
348, 352, 363, 400–401, 473, 699

causes of, 350
treatment and outcome of, 352

Congenital IGF-I
IGF-I synthetic defect, 67
receptor defect, 67

Congenitally acquired HIV-infected pre-
pubertal children, 876

Congestive heart failure, 554, 557
Conjugated equine estrogen, 307–308
Conjugated estrogens, 249, 251
Conotruncal anomaly face syndrome, 437
Conradi-Hunerman, 121
Consequences of cryptochidism, 340
Constant-infusion pump, 564
Constitutional delay of growth and devel-

opment, 7, 10, 88, 229
Constitutional delay of growth and pu-

berty, 12, 227–228, 231, 234
Constitutional growth delay, 10–11, 21,

26, 95, 96
and familial short stature, 12
girls, 10
maturation, 11

Constitutional growth retardation, 11
Constitutional overweight, 827
Constitutional short stature, 3
Constitutional tall stature, 134, 141
Constitutional thinness, 26
Continuous insulin infusion, 656
Continuous subcutaneous insulin therapy

(CSH), 656, 657
Contraceptive (COC) therapy, 300
Contracting, 962
Contra-insulin hormones, 559
Contrasexual pubertal development,

226
Control of the disease, 653
Conventional vs. intensive management,

656
Conversion of androgens in skin tissue,

284
Copper, 526, 844
Cord arterial blood, 546
Cord blood testing for TRAbs, 701
Cord levels of IGF-I and IGF-II, 17
Cord serum total calcium concentrations

(tCa), 481
Cordocentesis, 18, 544
Cori cycle, 579
Coronary artery disease, 825
Coronary heart disease, 824, 842

risk for, 4
Corpus luteum function, 301
Cortical microfractures, 530
Cortical thickening of long bones, 441
Corticotropin-releasing hormone (CRH),

149, 160–161, 165, 288, 833, 881
secretion, 150
stimulated plasma ACTH, 885
stimulation test, 164
test, 153

Corticosteroid-binding globulin (CBG),
151

Corticosteroids, 565
Corticosterone, 152

methyloxidase type I, 158
methyloxidase type II, 158

Corticotroph adenomas, 773
Corticotropin, 226, 654

independent cortisol overproduction,
735

releasing factor, 175
releasing hormone, 484

Corticotropin-releasing hormone (CRH),
50, 149, 756

gene, 833
Cortisol, 147, 157, 160–162, 168, 485,

491, 564, 576, 590, 597, 600, 654,
671, 904, 949

ACTH deficiency, 583
deficiency, 157, 555, 776
levels, 838
methyloxidation of, 725
replacement, 368
replacement in GHD, 94

[Cortisol]
resistance, 162
secretion, 149, 150, 153
secretion rate, 150, 163
secretion rate in newborn infants, chil-

dren and adults, 152
sodium succinate, 163
synthesis, 175

Cortisone reductase (11�-hydroxysteroid
dehydrogenase type 1 deficiency),
289

Costochondral junctions, 518
Counterregulatory hormone responses to

hypoglycemia, 602
Counterregulatory hormones, 658, 671
Cow’s milk, 617

type formulas, 503
Cowden disease, 407, 414
CPA, 299
C-peptide, 561, 583, 600, 614, 742

concentration, 557–558
levels, 584
secretion, 602

CPP (see Central precocious puberty)
CPS (see Carbamylphosphate synthetase)
CPS deficiencies, 789, 792
CPT diagnostic coding, 959
CPT-I (see Carnitine palmitoyl trans-

ferase I)
CPT-I deficiency, 592, 595, 802–803
CPT-II (see Carnitine palmitoyl trans-

ferase I)
adult type, 800
deficiency, 592, 596, 802
translocase, 800, 803

CPY17 (17�-hydroxylase/17,20-lyase) de-
ficiency, 329

Cranial irradiation, 228, 867, 870, 871
Cranial tumor, 867–868
Craniodiaphyseal dysplasia, 125
Craniofacial and skeletal anomalies,

242
Craniofacial-CNS midline defects, 228
Craniometaphyseal dysplasia, 125
Craniopharyngioma, 47, 56, 60–61, 90,

92, 94, 160, 215, 219, 228, 230,
234, 304, 762, 840

Craniosynostosis, 354
Craniotabes, 518
Craniotomy, 135
Craniotubular dysplasias, 125
C reactive protein, 835
Creatine, 918

height index, 26
kinase (CK), 595, 919
phosphokinase (CPK), 34
production, 99
supplementation, 919

Cretinism, 126, 359
Creutzfeldt-Jakob disease (CJD), 74, 87,

103
CRF (see Chronic renal failure)
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CRH (see Corticotropin-releasing hor-
mone)

Crohn’s disease, 29, 230, 232, 246, 443,
586, 689

Crotonase, 800
Crotrosyn, 184
Cryptic 21-hydroxylase deficient subjects,

181
Cryptogenic cirrhosis, 689
Cryptorchidism, 137–138, 226, 325, 328,

332, 340, 353, 441, 738
CSH (see Continuous subcutaneous insulin

therapy)
CT gene-related peptide (CGRP), 485, 486
CT (see Computerized axial tomography)
CT scan, 73
CT/CGRP gene, 499
C-terminus of the B-chain, 656
CTLA-4 gene, 703
CTLA-4 polymorhpisms, 701
CTLS-4 gene, 699
CUA (see Chronic uticaria with or without

angioedema)
Cubitus valgus, 242
Curradino syndrome, 335
Cushing’s disease, 152–153, 162–166,

285, 288, 290, 297, 726, 727, 730,
736

Cushing syndrome, 164, 166, 234, 285,
289, 304–305, 407, 530, 612–613,
724, 729–730, 736, 838, 885, 900,
907, 935

atypical, 297
Cushingoid

appearance, 586
facial features, 186
features, 297
obesity, 622

CVAH (see Congenital virilizing adrenal
hyperplasia)

CVAH, 215
CVD (see Cardiovascular heart disease)
Cyanotic congenital heart disease, 557
Cyclic AMP, 149, 220
Cyclic COC therapy, 300
Cyclic estrogen/progestagen, 308

therapy, 234
Cyclic hormonal therapy, 307
Cyclic progestin, 308
Cyclic vomiting syndrome, 789, 800
Cyclin D1 gene, 727
2-(2-nitro-4[trifluoro-methyl]-benzoyl)-1,3-

cyclohexanedione, 591
Cyclophosphamide, 869
Cyclopia, 54
Cyclosporine, 616
CYP 1�, 488
CYP IIa gene, 292, 294
CYP11A, 157, 329
CYP11B1, 147, 157, 169–170

gene, 902
mutation, 901

CYP11B2, 147, 170, 901–902
enzyme, 148
gene, 158–159

CYP11 (11�-hydroxylase) deficiency, 333
CYP17, 157 (17�-hydroxylase/17,20 ly-

ase)
deficiency, 328
gene, 169, 291
mutation, 901

CYP 17 gene, 292
CYP19 (aromatase)

deficiency, 333
gene, 292

CYP21 (21-hydroxylase), 147, 183–184
deficiency, 333
gene, 287
mutation, 292
region on chromosome 6p21.3, 183

CYP21P, 183
CYP-27 protein, 487
CYP450scc, 329
Cyproheptadine, 166
Cyproterone acetate, 299–300
Cystathionine, 139

synthetase, 529
Cystathionine beta-synthase (CBS), 139

deficiency, 140
Cysteamine, 524
Cystic acne, 180
Cystic bone disease, 448
Cystic fibrosis, 29, 88, 230, 233–234,

612–613, 640, 750, 772
related diabetes (CFRD), 640

Cystic kidneys, 441
Cystic nuchal hygroma, 241
Cystinosis, 522, 524
Cytarabine, 869
Cytochrome P450, 147, 158, 169, 183,

487, 520, 705
enzymes, 148
genes, 150

Cytokines, 491, 530, 686, 690–691
secretion, 698

Cytolysis, 690
Cytomegalovires, 17, 612
Cytoplasmic

antigens, 685
autoantibodies, 690
inheritance, 752

D-1-alpha-hydroxylase, 471
D2 and D3, 454
D152H missense mutation, IGF-I produc-

tion, 65
Dacarbazine (DTIC), 744, 869
Daily allowance (RDA) of vitamin D, 535
Daily exercise regimen, 659
Dairy products, 848
DAISY (see Diabetes Autoimmunity Study

of the Young)
Danagel, 307
Danazol, 333

Darier’s disease, 262
DARLING study, 21
Database links, 927
Dawn phenomenon, 657–658
DAX1, 150, 320, 327

gene, 156, 215, 221, 232, 292
mutations, 233

DBP (see Vitamin-D-binding protein)
DCCT (see Diabetes Control and Compli-

cations Trial)
DCCT, 602, 626, 656, 661–662

blood glucose goals, 663
dDAVP, 161, 758–759, 764, 767, 770, 776

(see also Desamino-D-arginine-va-
sopressin)

administration, 768
therapy, 769, 773
treatment, 768

Deafness, 401
Debrancher enzyme (GDE) gene, 587
Deceleration of growth, 10
Decreased intake of nutrients, 29
Defective glucose conterregulation, 601
Defective self image, 12
Defects in gluconeogenesis, 805
Defects in mitochondrial oxidation, 801
Defects in oxidative phosphorylation, 805
Defects in pyruvate dehydrogenase com-

plex, 805
Defects in the TCA cycle, 805
Deficiencies in TSH and TRH, 362
Deficiencies of cortisol, 434
Deficiency of testosterone or estrogen, 11
Deficient parathyroid hormone, 449
Deficient parathyroid hormone action, 430
Deficits or excesses in body weight in

proportion to height, 26
Deficits-iron deficit 13
Degree of adiposity, 843
Dehydration, 670
7-Dehydrocholesterol, 423, 487
Dehydroepiandrosterone (DHEA), 166,

184, 212, 214, 219, 226, 278, 282,
737, 838, 917, 920, 949

11�-Dehydrogenase, 170
18-Dehydrogenase deficiency, 159
5�-Deiodinase pathway, 365
De Lange syndrome, 15, 17
Delayed

development, 21
growth, 3
menarche, 232, 448
puberty and hypogonadism, 227
puberty, 25, 227, 231, 325, 328
sexual development, 30
sexual maturation, 621
skeletal maturation, 364

Deletion of 22q.11, 493, 495
Demeclocycline, 768

therapy, 775
Dementia, 157, 397
deMorsier syndrome, 54
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Demser, 908
Denial, 35
Denial and appeal, 961
DENIS (see Deutsche Nicotinamide Inter-

vention Study)
Dennie’s lines, 262
Densitometry, 829
Dental

age, 9
enamel erosion, 31
enamel hypoplasia, 705

Dentinogenesis imperfecta, 529
type Ia, 529
type Ib, 529

Dent’s disease, 522, 524
Denys-Drash syndrome, 326
Deoxycorticosterone (DOC), 154, 175,

329, 902
producing tumor, 901

11-Deoxycorticosterone (DOC), 148, 154
11-Deoxycortisol (compound S), 152, 148,

161, 168
17-Deoxysteroid levels, 881
Depletion body Na�, 905
Depot injection of testosterone, 231
Depressed, 22
Depression, 164, 845
Deprivation, 22
Deprivation syndrome, 62–63

secondary endocrine deficiencies, 63
deQuervain, 697
de Quervain’s thyroiditis, 399
Dermal growth factor, 10
Dermatitis herperiformis, 689, 705
Dermatomyositis, 690
DES (see Diethylstilbestrol)
Desamino-D-arginine vasopressin [d-

DAVP], 755
Desiccated thyroid, 366
Desmopressin, 161, 269, 758
Deutsche Nicotinamide Intervention Study

(DENIS), 617
Development of dentition, 1005
Developmental defects

of the skeleton, 113
of the thyroid gland, 349

Developmental delays, 21
Developmental disabilities, 29
DEXA (see Dual energy x-ray absorptiom-

etry)
Dexamethasone, 162, 166, 169–170, 184,

186, 291, 297, 298, 299, 726
administration, 288–289, 297
administration in CAH, 298
response test for GH, 940
stimulation test, 737
suppression, 181, 736
suppressed ACTH stimulation test, 949
suppressible hyperaldosteronism (gluco-

corticoid-remediable aldosteron-
ism), 168–169, 905

suppressible hypertension, 901

[Dexamethasone]
suppression test, 153, 162, 164
suppression test (high-dosage), 947
suppression test (overnight), 947
test, 737

Dexfenfluramine, 846
Dextrose, 678
Dextrostix, 546
Dextrostix Ames Meter, 546
DHA, 148, 166, 168, 219
DHA-S, 158, 219
DHA sulfate, 166, 168
DHEA (see Dehydroepiandrosterone)
DHEA-S levels, 297
DHEA sulfate (DHEAS), 212, 214, 219,

226, 282
DHEA supplementation, 92
DHT (see Dihydrotachysterol)
Diabesity syndrome, 632
Diabetes, 611, 661, 830, 832

ADM, 613
classification of, 611
control, 620
cure 653
dietitian, 661
drug or chemical induced, 613
education-, advantages and disadvan-

tages of inpatient and outpatient,
660

educator, 661
infantile, 641
insipidus, diabetes mellitus, optic atro-

phy and deafness (DIDMOAD),
761

lifestyle modification, 637
management of, 653–654
mitochondrial mutations, 612
MODY, 613
prevention programs, 636
therapeutic program, 660
therapeutic team, 665
treatment goals and priorities, 637
type 1, 613–614
type 2, 298 613–614
in very young children, 655

Diabetes Autoimmunity Study of the
Young (DAISY), 617

Diabetes Control and Complication Trial
(DCCT), 600, 618, 623, 655, 691

Diabetes insipidus, 54, 60, 92, 161, 234,
339, 751, 756, 758, 761–767,
770

acute 766
following neurosurgery, 762

Diabetes mellitus, 66, 228, 230, 234, 246,
435, 568, 611, 653, 661, 808, 824,
828, 836, 841, 844, 886, 900

in adults with Turner Syndrome, 98
associated with PCOS, 289
causes, 612
and deafness, 809
type I (1) 291

[Diabetes mellitus]
type II (2), 75, 292
treatment recommendations, 639

Diabetes Prediction and Prevention
(DIPP), 696

Diabetes Prevention Trial, 696
Diabetic

adult patients, 846
children, 669, 673
diarrhea, 626
education, 963
ketosis, 670
mother, 564, 831
nephropathy, 624
pregnancies, 492
renal disease, 624

Diabetic ketoacidosis (DKA), 566, 640,
657, 659, 662, 660, 669, 671, 672,
674, 696, 775

causes of, 673
clinical features, 669
complication of, 679
consciousness, 673
mortality, 669
preventive therapy, 680
therapy, 675

Diabetologist, 661
Diagnosis of autoimmune endocrinopa-

thies, 706
Diagnosis of diabetes, criteria for the,

612
Diagnosis in patients with TS, 241
Diagnostic codes in pediatric endocrinol-

ogy, 964
code 241, nontoxic nodular goiter, 964
code 242, thyrotoxicosis, 964
code 243, congenital hypothyroidism,

964
code 244, acquired hypothyroidism,

964
code 245, thyroiditis, 964
code 250, diabetes mellitus, 964
code 252, disorders of parathyroid

gland, 964
code 253, disorders of the pituitary

gland, 964
code 254, nephrogenic diabetes insipi-

dus, 965
code 255, disorders of adrenal glands,

965
code 256, ovarian dysfunction, 965
code 257, testicular dysfunction, 965
code 258, polyglandular dysfunction

and related disorders, 965
code 260, Kwashiorkor, 965
code 261, nutritional marasmus, 965
code 268, vitamin D deficiency, 966

Diagnostic coding in FTT, 24
Diagnostic evaluation of premature puber-

tal development, 218
Diagnostic and Statistical Manual for Pri-

mary Care (DSM-PC), 827
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Diagnostic work-up
for neonatal hypercalcemia, 500
for neonatal hypocalcemia, 495
neonatal hypophosphatemia, 502

Diaphyseal dysplasia (Camurati Engel-
mann), 125

Diapid, 766–767
Diarrhea, 30, 435, 744, 846

hypoglycemia, 589
malnutrition, 590

Diascan S meter, 546
Diastolic hypertension, 908
Diastrophic dysplasia, 113, 128–129,

531–532, 534
sulfate transporter defect, 119

Diazoxide, 561, 563, 566, 584–585,
612, 674, 730, 740, 743, 846, 846,
911

therapy, 566
Dicarboxylic acids, 595
Dicarboxylic aciduria, 594
Dichloroacetate, 810
DIDMOAD, 761 (see also Diabetes insipi-

dus; Diabetes mellitus; Optic atro-
phy; Deafness)

Diet, 847
Diet aids, 846
Dietary

composition, 841
control, 31
fat, 32
fiber, 846
intake, 841
management, 654, 658, 844, 845
phosphate, 498
phosphate insufficiency, 524
protein restriction, 11
recall, 22
recommendations, 640
restriction, 845
supplements, 917
supplements, herbal products, 917
vitamin D, 487

Diet/breastfeeding, 693
Dietetic chocolate, 846
Diethylstilbestrol (DES), 142, 268, 325
Dieting, 30–31, 825–827, 847

efforts, 836
ideas, 30

Diet-resistant obese individuals, 841
Diets, 841
Diet-sensitive obese individuals, 841
Differential diagnosis

for a family having unusual endocrine
problems, 925

of ketotic hypoglycemia, 583
of precocious puberty, 215

Differentiating type 1 from type 2
diabetes in children and adoles-
cents, 615

Diffuse �-cell dysfunction, 584
Diffuse thyromegaly, 393

DiGeorge
association, 493
chromosome, 438
disease phenotype, 469
malformation complex, 432, 437, 438,

449, 451
malformation complex, facial features,

440
syndrome, 437, 469, 493, 704

Dihydrolipoamide dehydrogenase, 805
Dihydrotachysterol (DHT), 324, 425, 454,

457
Dihydrotestosterone, 335, 840
5�-Dihydrotestosterone (DHT), 278
1,25-Dihydroxycalciferol (see Calcitriol)
3,4-Dihydroxyphenylalanine (DOPA),

193
1,25-Dihydroxyvitamin D [1,25-(OH)2D],

33, 90, 470, 482, 493, 517, 885
24,25 Dihydroxyvitamin D, 474
Dilantin, 332, 612
Diphenylhydantoin-induced embryopathy,

127
99mTc-Diphosphates, 201
2,3-Diphosphoglycerate (2,3-DPG), 670
Diphtheria-pertussis-tetanus immunization,

618
DIPP (see Diabetes prediction and preven-

tion)
Dipstick, 662–663
Disability of short stature, 105
Disaccharidase, 846
Disappearance curve of glucose, 952
Diseases of the exocrine pancreas, 613
Disorders

of adrenal medulla, 907
of carnitine metabolism, 594, 598
of eating behaviors, 30
of fatty acid �-oxidation, 598
of fatty acid oxidation and ketone syn-

thesis, 594
of gluconeogenesis, 583, 589, 598
of glycogen synthesis and degradation,

586
of phosphate homeostasis, 521
of vitamin D metabolism, 520
of water homeostasis, 755

Disproportionate limb shortening, 7,
9, 14

Distorted caretaker-infant interaction, 21
Distorted proportions, 31
Distribution of glucose transporters, 550
Disuse osteoporosis, 530
Diulo, 912
Diuretics, 536

agents, 912
therapy, 503–504, 769

Diurnal variation of plasma cortisol,
151

DKA (see Diabetic ketoacidosis)
DMC (see DiGeorge malformation com-

plex)

DNA
analysis, 226
binding zinc fingers, 521
polymerase, 33

DOC (see Deoxycorticosterone)
DOCA, 169
Donagel, 308
Donated ova, 235
DOPA, 195 (see also 3,4-Dihydroxyphen-

ylalanine)
Dopamine, 50, 193, 195, 201, 365, 760

agonists, 729
inhibition of prolactin secretion, 946

Dopamine �-hydroxylase, 193
Dopaminergic, 13
Doping, 921
Dosage of L-thyroxine, 366
Double collecting system, 242
Double-outlet right ventricle, 559
Double vagina, 15
Down-regulation, growth, 10
Down syndrome, 15, 17, 88, 350, 355,

361, 367, 613, 706–707, 939
body composition, 15

DP�, 686
DP�, 686
2,3-DPG, 673, 678, 679 (see also 2,3-Di-

phosphoglycerate)
levels, 677

DPT-1 (see North American Diabetes Pre-
vention Trial 1)

DQA1*0501, 692, 701
DQB1 alleles, 692, 703
DQB1*0201, 692
DQB1=�1, 693
DQB10201, 617
DQB10302, 617
DQB10602, 617
DQ�, 686
DQ�, 686
DQ loci, 693
DR, 686
DR�, 686
DR3, 618, 693, 699
DR4, 618, 692
DR4-bearing haplotype, 693
Drug-induced hypothyroidism, 354, 362
Drugs, 845
Drugs blocking estrogen effect, 214
Drugs impairing free water clearance, 771
DSM-PC (see Diagnostic and Statistical

Manual for Primary Care)
DTDST disorders, 128
Dual enegy X-ray absorptiometry (DXA),

504, 830, 527
Dubowitz syndrome, 442
Duchenne muscular dystrophy, 155–156,

526
in a female, 750

Dumbbell-shaped femur, 126
Dupuytren’s contracture, 619
DURO DIAB, 624
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Dwarfed siblings, 114
Dwarfism, 2, 113

disproportionate, 127
Dwarfs, 129

bird-headed, 15
DWq3 antigen, 692
D-xylose absorption, 879
Dyggve-Melchior-Clausen dysplasia, 120,

127–128
Dynamic tests for growth hormone defi-

ciency, 938
Dysbranchiogenesis, 437
Dyschondrosteosis, 122, 534
Dysfunctional bleeding, 298

uterine, 270, 825
Dysgenetic

gonads, 326, 738
male, 326
ovaries, 239
testes, 226, 233

Dysgerminoma, 60, 215, 232, 248, 326,
739

Dyshormonogenesis, 350, 352–353, 361
Dyslipidemia, 626, 632, 920
Dyslipoproteinemia, 860
Dysmenorrhea, 305

ovulatory menorrhagia, 308
Dysmorphic features, 439
Dysmorphic syndromes, 140
Dysmorphology syndromes, 9
Dysosteosclerosis, 126

hypodontia, 125
Dysostosis, 114

multiplex group, 531
Dysphagia, 399
Dysplasia, 114, 118

gigantism syndrome, X-linked; DGSX,
926

Dystrophic extremities, 230
Dysuria, 257

E3

deficiency, 809
binding protein, 805

E474Q mutation, 802
Early fetal malnutrition, 16
Early menarche, 16
Early puberty, 19
Eating

attitudes and behaviors, 31
behaviors, 30
disorders, 30, 303–305, 601, 622, 665,

827
disturbances, 31, 826
habits, 825
patterns, 32, 845

Eating Attitudes Test, 826
Children’s Version, 31

Eaton-Lambert syndrome, 689–690
EC50, 493
ECG monitoring, 496
ECHO and rotavirus, 617

Economic impact of obesity, 825
Ectodermal dystrophy (APECED), 432,

433, 434–435,438
of autoimmune polyendocrinopathy, 432

Ectodermal manifestations of APECED,
436

Ectopic
ACTH secretion, 288
ACTH syndrome, 154, 164
gonadotripin-producing tumors, 223
pregnancy, 259
sublingual tissue, 352
testis, 340
thyroid, 349–350
thyroid dysgenesis, 362
thyroid gland, 402

Ectopy, 352–353
Edecrin, 912
Edema, 102
EDTA infusion test, 449

of PTH reserve, 451
Education and emotional support, 659
Effect

of GH therapy alone and with oxandro-
lone in Turner syndrome, 97

of GH treatment, 95
of HIV infection on growth, 876
of 1,24-ACTH on the plasma concentra-

tion of cortisol and aldosterone,
154

of prolonged breastfeeding on children’s
growth, 21

Ehlers-Danlos syndrome, 123, 527
Ehrlenmeyer flask appearance, 125
Ejaculation, 223, 231
Elastin, 472
Elbow-to-end-of-third metacarpal length

(EMC), 1001
Electrocardiogram, 495
Electrolysis, 301
Electrolyte disturbances, 31
Electronic databases, 923
Elejalde syndrome, 133
Elemental Ca, 496
Elevated gonadotropins, 229, 232
Elevator shoes, 35
ELISA, 690, 695, 704, 936
Ellis-Van Crevel syndrome, 118335
Elongin B, 199
Elongin C, 199
E-mail, 923
Embryology of the pituitary gland, 47
Embryonal carcinoma, 326, 737–739
Embryonal tumors, 221
Embryonic testicular regression, 327
Emergencies of inborn metabolic diseases,

787
Emotional deprivation, 35, 62
Emotional stress, 233
Empty sella, 47, 364

syndrome, 55, 228, 303–304, 762
turcica, 160

EMTAC (see Enhanced Metabolic Testing
Activity Chamber)

ENaC, 907
antagonists, 905

Enalapril, 910
Enalaprilat, 911
Enamel hypoplasia, 9, 446

permanent teeth, 435
Encephalitis, 160, 773, 840
Encephalomyelitis, 397, 689
Encephalopathy, 591
Endemic goiter, 359, 362, 393
ENDIT (see European Nicotinamide Dia-

betes Intervention Trial)
Endochondral ossification, 14, 128
Endocrine

abnormalities after external cranial irra-
diation, 867

alterations, 887
alterations in human immunodeficiency

virus infections, 875
alterations secondary to treatment in

HIV-infected children, 886
causes of hypertension, 900
disorders, 708
disorders after cancer therapy, 865
disorders at risk to be imprinted, 751
disruptors, 325
-mediated hypertension, 900
neoplasia, 725
neoplasia type I, 61

syndrome, 597
tumors, 735
tumors in children, 735

Endocrine neoplasia, how to obtain infor-
mation on a case of, 929

Endocrinopathies, 613
Endodermal sinus tumor (EST), 259, 737–

738, 739
Endogenous glucose production, 547–549,

551
Endolymphatic sac tumors, 199
Endometrial hyperplasia, 251
Endometrial hypoplasia, 305
Endometriosis, 305, 333
Endopeptidase PHEX, 488
Endosteal hyperostosis and sclerosteosis,

125
Endothelin-1, 626
Enema: phosphate, 492
Energy balance, 835–836
Energy expenditure, 23, 831–832, 835–

836, 841, 844–845
by HIV-infected children, 879
in occupational, recreational and sports

activities, 845
Energy intake, 831, 840, 843
Energy requirements, 836–837
Energy self-regulation, 31
Enhanced Metabolic Testing Activity

Chamber (EMTAC), 831
Enlargement of the parotid gland, 31
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Enoyl-CoAs, 800
Enuresis, 767
Environmental goitrogens, 362
Environmental triggers in the pathogenesis

of type 1 diabetes, 693
Enzyme defects of testosterone production,

227
EOBs (see Explanations of benefits)
Ependymomas, 215
Ephedra, 917–918
Ephedrine, 918

alkaloids, 918
Epidemic of type 2 diabetes, 636

in youth, 611
Epidemiological patterns of type 1 diabe-

tes, 614
Epidemiology, 183, 614

of type 1 diabetes, 627
Epidermolysis bullosa, 750

acquisita, 689
Epididymis, 320, 332
Epimetaphyseal dysplasia, 116
Epinephrine, 193, 195, 559, 566, 576,

581, 600, 740, 838, 842
secretion, 431

Epiphyseal dysplasia, 113, 115, 120, 127–
128, 531

Episodic exercise, 659
Epispadias, 118
Eplerenone, 905
ER (see Estrogen receptors)
Erections, 223, 229
Ergocalciferol, 487
Ergogenic aids, 917
Ergogenic properties, 918
Eridronate, 500
Eruption of teeth

primary, 10
secondary, 10

Erythema nodosa, 689
Erythroblastosis fetalis, 564
Erythrocyte Na�, K�-ATPase, 27
Erythromycin, 626
Escherichia coli, 87
Esmolol, 911
Esophagitis, 31
Essential fatty acids, 804
Estraderm, 234
Estradiol, 211–212, 214, 217, 233, 291,

835
levels, 224
synthesis, 290
valerate, 142

Estriol, 149, 239
Estrogen, 95, 98, 168, 193, 211, 217, 225,

252, 324, 485, 491
and/or androgen priming, 34
conjugated, 142
deficiency, 245
levels, 226
production, 245
and progesterone replacement therapy,

870

[Estrogen]
progestin combinations, 909
receptor defects, 527
receptors (ER), 225, 324
replacement therapy, 243, 245, 250,

367, 869
secreting gonadoblastoma, 233
secreting tumor, 217, 325
secreting tumors of the adrenals,

736
therapy, 15, 98, 233, 251
treatment, 97

Estrogen exogenous exposure, 217
Estrogenic endocrine disrupters, 216
Estrone, 214, 835
ETF-ubiquinone oxidoreductase (ETF-

QO), 799
Ethacrynic acid, 912
Ethanol, 601

fed mothers, 562
ingestion, 763
intoxication, 582

Ethinyl estradiol, 142, 234, 251
Ethisterone, 333
Ethylenediaminetetraacetic acid infusion

test, 946
Ethylmalonic aciduria type II, 795
Etiocholanolone, 280
Euglycemia, 541–542, 546, 554, 637,

658
in the neonates, 543

Euglycemic hyperinsulinemic clamp tech-
nique, 547–548

Euglycemic range for the term and pre-
term neonate including the micro-
premie, 546

Eunuchoid body proportions, 134
Euphoria, 164
EURO DIAB Prospective Complications

Study, 623
Eurogrowth program, 5
European Nicotinamide Diabetes

Intervention Trial (ENDIT), 617,
696

Euthyroid goiter, 399
Euthyroidism, 366, 700

with decreased thyroid reserve, 395
Evocative/Suppressive Test Coding,

963
Ewing’s sarcoma, 201
Excess androgen symptoms, 285
Excessive growth syndromes, 133
Exchange transfusion, 797, 812

umbilical catheter, 560
with citrated blood, 492

Excretion of amino acids, 28
Exercise, 844, 847, 940

anorexia–amenorrhea triad, 529
equipment, 844
-induced GH secretion, 941
patterns, 848
physiologist, 847

[Exercise]
program, 844, 848
as a therapeutic modality, 659

Exidative phosphorylation (OXPHOS),
806

Exocrine pancreatic insufficiency, 568
Exogenous obesity, 228
Exomphalos–macroglossia–gigantism

(EMG) syndrome, 140
Exon 16, 198
Exophthalmia, 354
Exophthalmos, 396
Expected height for the family, 5
Explanations of benefits (EOBs), 961
External genitalia, 321

virilized, 179
Extra-adrenal chromafin tissue, 194
Extracellular

Ca2�, 427
Mg, 430
osmolality, 755

Extracorporeal membrane oxygenation
therapy, 499

Extraglandular aromatization of adrenal
and testicular androgens, 214

Extra-rapid, 653
acting insulin, 655

Face and neck tumors, 867
Facial

angiofibromas, 721
dysmorphism, 437, 439
hair growth, 214
nerve palsy, 77

Factitious
failure to thrive, 21
hypoglycemia, 582–583
hyponatremia, 775
thyrotoxicosis, 530

Factor XI deficiency, 269
Fad diets, 847
Failure to develop sexually, 14
Failure to thrive (FTT), 11, 18, 20, 30,

158–159, 501, 524, 589, 591, 793,
808, 827, 876

environmental deprivation, 62
Fairbanks and Ribbing
Fallopian tubes, 178, 320
Familial

adenomatous polyposis, 407, 410, 414,
725

adrenal pheochromocytoma, 196
aggregation, 114
autosomal dominant central diabetes in-

sipitus, 761
camptodactyly of the fifth fingers, 619
cancer syndrome, 199
combined hyperlipidemia, 860, 863
deficiency of 11�-dehydrogenase, 170
11�-dehydrogenase deficiency, 168
or genetic short stature, 3
gonadal dysgenesis, 232
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[Familial]
Graves’ disease, 355
hypercholesterolemia, 859–861
hyperinsulinemic hypoglycemia, 730
hyperkalemia, 906
hypertriglyceridemia, 863
hypocalciuric hypercalcemia (FHH),

470, 472–473, 476, 482, 498, 722
hypophosphatemia, 518
hypophosphatemic rickets, 520, 522,

523, 535, 536
isolated hypoparathyroidism, 432
macrocephaly, 133
male-limited gonadotropin-independent

puberty, 220
Mediterranean fever, 750
medullary thyroid cancer, 407
medullary thyroid carcinoma, 411
pheochromocytoma, 196–197, 199
pituitary hypoplasia, 762
PTH deficiency, 432
short stature, 6, 13, 21, 26, 88, 96, 866

Familial thyroid
autoimmunity, 246
thyroid dysgenesis, 349
thyroid dyshormonogenesis, 362, 394,

400
Family

dynamics, 847
involvement, 844
members of patients with MEN-1, 723

Fanconi syndrome, 471, 502, 518, 520,
522, 524, 618, 808

FAO (see Fatty acid �-oxidation)
Fast-acting insulin, 663

analog, 655
Fasting, 582, 826, 938
Fasting hypoglycemia, 583, 730
Fat

absorption, 846
baby, 636
balance, 841
cells, 633
cell size, 837
deposition, 847
distribution, 829–830
intake, 843
malabsorption, 455–521
mass, 830
mobilization, 847
oxidation, 841
and sugar substitutes, 846
utilization, 835

Fat-free mass, 830, 835
Fat-soluble vitamins A, D, and E, 846
Fatty acid

acylated insulin, 656
levels, 842
metabolism, 838
oxidation, 590, 834
oxidation defect, 599, 788, 793
oxidation disorders, 802

[Fatty acid]
transport protein, 801
tumors, 359

(FAO), 592–593, 597
defects, 803, 805
disorder, 596
treatment, the acute episode, 803

FDA-approved indications for GH, 105
FDP deficiency, 811
Fear, 30

of hypercholesterolemia, 30
of hypoglycemia, 601
of obesity, 30, 31, 826–827

Febrile illness, 457
Feeding patterns, 22
Feeding practices, 825
Female differentation, 322
Female gonadostat, 834
Female pseudohermaphroditism, 325,

333–334
Feminization, 134, 215, 226, 251–252, 840
Feminized genetic males, 304
Feminizing

adrenal cortical tumors, 227
adrenal tumor, 167–168
syndrome, 164

Fenfluramine, 845
Feratoma, 215
Ferriman and Gallwey hirsutism scoring,

295–299
Ferritin, 202

levels, 30, 34, 708
Fertile eunuch syndrome, 228
Fertility, 138, 181–82, 225, 227, 230, 834

-assisted methods, 229
rates, 182

Fetal
abdominal circumference, 18
�-cells, 562
childhood nutrition, 629
circulating calcium, 481
CPT-I, MCAD, and SCAD deficiencies,

802
DNA, 184
edema, 232
glucose concentration, 544
growth failure, 16
growth retardation, 32
hyperglycemia, 558
hypoglycemia, 17
hypothyroidism, 348, 354
leptin, 17
lipogenic activity, 17
macrosomia, 558
neonatal metabolism, 555
nutrition, 629
testicular torsion, 327
thyroid, 347
vitamin D status y, 497

Fetal growth, 17
Fetuses with IUGR, 18
FFA (see Free fatty acids)

FFT in IUGR, 18
FGF-23, 523–524
FGFR3, 130, 532–533

mutation in achondroplasia, 118
FGR3 mutation in thantophoric Fraccaro.

achondregenesis IB, 118
FHH (see Familial hypocalciuric hypercal-

cemia)
FHR (see Familial hypophosphatemic

rickets)
Fibrillin gene, 138
Fibrinogen, 835
Fibroblast growth factor (bFGF), 728
Fibroblast growth factor 23 (FGF23), 522
Fibroblast growth factor receptor 3, 533

in achondroplasia, 100
Fibrocalculous pancreatopathy, 612
Fibrochondrogenesis, 128
Fibrous dysplasia, 524
Fidgeting, 831
Filtered calcium, 471
Final adult height, 142, 250
Finasteride, 299–301
Fine-needle aspiration (FNA) biopsy, 364
First-phase insulin release (FPIR), 616
FISH, 248

analysis, 472
Fitness, 836, 844

level, 844
Flammatory cytokines, 835
Flatbush diabetes, 612
Flatulence, 846
Flavonoids, 400
Flexibility exercises, 844
Flexor tenosynovitis, 619
Florinef, 160, 163
Flow diagram of diagnostic procedures for

suspected hypocalcemia, 450
Fludrocortisone, 160, 163
9�-Fludrocortisone acetate, 163, 187
Fluid

deficit, 675
intake, 767
resuscitation, 796
therapy, 766

Fluorescein angiography, 624
Fluoride, 536
6-[18F]fluorodopamine, 196
Fluoroxymesterone, 12
Fluoxetine, 845
Fluoxymesterone, 231, 249
Flutamide, 299–300, 301
FMTC, 722
FNA cytology, 414
Focal adenomatous hyperplasia (FoPHHI),

562
Folacin, 844
Folate, 32

deficiency, 637, 846
Follicle-stimulating hormone (FSH), 92,

137, 211, 212, 214, 216–217, 223,
224, 228, 230, 232, 243, 258, 325,
700
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[Follicle-stimulating hormone (FSH)]
beta gene mutations, 233
excretion, 183
gene mutations, 233
levels, 229
receptor activation, 220
receptor gene, 304
receptor gene mutation, 303
receptors in the testes, 221

Follicular
adenomas, 402
adenomas of the thyroid, 409
carcinomas, 409
cyst, 217
phase, 302
-stimulating hormone (FSH), 839
thyroid cancer, 407
thyroid carcinoma, 410, 412, 415

Folliculogenesis, 243
Follistatin, 292
Food

choices, 845
diary, 22
digestibility, 842
efficiency, 841
exchange lists, 659
habits, 848
industries, 848
intake, 832, 835, 845–846
management, 843–844, 848
plan, 658
preferences, 32
refusal, 23–24
restrictions, 30
selectivity, 23

Foreign bodies in the vagina, 258, 261
Form of 3�-HSD deficiency, nonclassic

178
45,X

cell line, 326
gonadal dysgenesis, 239
individuals, 243
karyotype, 241, 361
maleness, 328
mosaic karyotype, 232
patients, 247

45,X/46,X fra, 739
45,X/46,XX, 247, 304
45,X/46,XY, 248, 334, 739

dysgenesis, 327
individuals, 244
mixed gonadal dysgenesis, 326

45,X/46,XY/47,XYY, 327
45,X/47,XYY, 327
45, XO, 14
45,XXY (Klinefelter syndrome), 241
46,X/47,XXX, 247
46,XX, 319, 336

gender reversal, 328
gonadal dysgenesis, 232
maleness, 328
males, 228, 328

[46,XX]
patients with CAH, 337
sex reversal, 325
true hermaphroditism, 328

46 XX/XXX, 304
46,XY, 319, 336, 340, 739

karyotype, 325
mixed gonadal dysgenesis, 326
mosaicisms, 245
partial gonadal dysgenesis, 325–327
true hermaphroditism, 325–327

46,XY gonadal dysgenesis, 232, 320, 325
complete, 326

47, XYY syndromes, 228
Foscarnet, 768
Fourth metacarpal shortening, 8
FPIR (see First-phase insulin release)
Fractionated radiotherapy, 60
Fractures, 243, 504
Fragile X chromosomes, 136
Fragile X syndrome, 133

curves for ear length of males, 1025
curves for testicular volume of males,

1025
Frame size, 26
Framingham Children’s Study, 4, 31, 826
Franconi syndrome, 591, 793
Fraser syndrome, 326, 335
Free cortisol, 153, 164
Free fatty acids (FFA), 554–555, 560,

576, 581, 600, 671
Free T3 (FT3), 362
Free T4, 347, 349, 353–354, 362
Free testosterone, 839, 920
Free thyroxine, 839
Frequency of DKA, 669
Frequency of inadequate GH secretion in

response to a tolerance test, 939
Frequency of nonclassic 21-hydroxylase

deficiency, 181
Frequently used diagnosed codes for the

pediatric endocrine practice, 967
Fresh fruits, 848
Freund’s adjuvant, 691
Friedreich’s ataxia, 613
Frohlich syndrome, 840
Frontometaphyseal dysplasia, 125
Fructosamine, 742
Fructose, 658

intoxication, 589
transporter, 577

Fructose-1,6-diphosphatase, 579, 589, 806
deficiency, 555, 582, 589, 597, 599

Fruit juice consumption, 22
Frustration, 847
FSH (see Follicle-stimulating hormone)
FT4, 364–365, 367
FTT

hospital care, 23
laboratory findings, 23
management of, 23
nutritional therapy of, 23

Fucosidosis, 114
Fuel metabolism, 576
Fulminant hepatitis, 596
Fumarylacetoacetate hydrolase, 591
Functional adrenal hyperandrogenism,

295
Functional hypogonadotropic hypogonad-

ism, 234
Fundus photography, 664
Furosemide, 429, 457, 912

GAD (see Glutamic acid decarboxylase)
GAD autoantibodies, 706
Galactorrhea, 60, 217–218, 221, 234, 258,

363, 364, 722, 728–729, 885
Galactose, 658
Galactose-1-phosphate aldolase deficiency

(fructose intolerance), 582
Galactose 1-phosphate deficiency, 304
Galactose-1-phosphate uridyl transferase,

591
Galactosemia, 228, 233, 303–304, 563,

591, 598
Galanin response test for GH, 941
Gallbladder

achalasia, 641
disease, 824

Gallstones, 824, 842
G-aminobutyric acid (GABA), 211
Gamma interferon (IFN-�), 686
Gamma/delta T cells, 683
Ganglioneuroblastoma, 193, 203
Ganglioneuroma, 193, 203, 408
Ganglioneuromatosis, 407
GangliosideD2, 202
Gangliosidosis, 34
Gastric

acidity, 164
bypass, 637, 846
inhibitory peptide (GIP), 735
inhibitory polypeptide (GIP), 215,

576
parietal cell (PCA), 704, 708
parietal cell autoantibodies, 706
placation, 846

Gastrin, 487
Gastrinoma, 730
Gastrochisis, 340
Gastroesophageal reflux, 22
Gastrointestinal lipase inhibitor, 846
Gastrointestinal polyposis, 407
Gastroparesis, 601, 625–626
Gastroplasty, 637
GATA 3 mutations, 441
GCFS (see Granulocyte colony stimulating

factor)
GDE (see Debrancher enzyme gene)
GDE deficiency, 588
GDE-IIIa, 588
GDM (see Gestational diabetes mellitus)
Gelastic seizures, 217
Gemfibrizol, 627
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Gender assignment, 187, 336
at birth, 336
and reassignment in CAH, 337

Gender differentiation, 323
Gender identity, 337
Gender reassignment in childhood, 337
Genes

CLCN5, 524
coding for PTH, 448
CYP11A, 147
encoding FGF-23, 488
expression, 550
factors associated with hyperandrogen-

ism/polycystic ovary syndrome,
292

GNAS 1, 444
Hox-1.5, 469
involved in ovarian determination, 320
involved in testis determination, 320
Tests database, 925

Genetic defects
of �-cell function, 612
in insulin action, 612–613
in ovarian steroidogenesis, 293

Genetic factors, 841
in obesity, 832

Genetics, 726
abnormalities of gonadal differentiation,

325
abnormalities related to AIS, 331
causes of insulin-resistant syndrome,

293
clinical features of MEN syndromes,

722
height potential, 5, 368
of obesity, 832
sex, 184
short stature, 13

Genetic syndromes, 706
associated with diabetes, 613

Generalized tubulopathies, 524
Generic preparations of L-thyroxine, 366
Genital abnormalities, 137
Genital masculinization, 337
Genital surgery, 338
Genitogram, 336
Genitoplasty, 186
Genomic imprinting, 749, 751
Genu valgum, 520, 824
Genu varum, 118, 126, 520
Gerinomas, 762
Germ cell dysfunction, 870
Germ cell tumors, 219, 227, 268, 737–738
Germinal epithelium, 870
Germinoma, 60, 230, 304
Germline mosaicism, 751
Gestational age, 548
Gestational diabetes mellitus (GDM), 558,

613, 831
GFR �1, 724
GFR �2, 724
GH + oxandrolone therapy, 98

GH, 48, 60, 179, 590, 597
N-acetylated, 50
administration, 64
in adulthood, 102
after exercise, 34
AIDS, 103
allograft rejection, 101
antibodies, 103
antibody formation, 75
assays, 93
augmentation therapy, 104
binding, 74
binding protein (GHBP), 50
burn patients, 103
in catabolic states, 103
concentration, in full-term and prema-

ture infants, 89
concentrations, 880
cortisol deficiency, 599
cortisol supplementation, 94
Crohn’s disease, 103
cystic fibrosis, 103
daily, 887
deaminated, 50
deficient state in PWS, 102
depot, 94
and development of leukemia, 104
excess, 729
gene, 68
glucose homeostasis, 90
half-life, 89
human, 50
hypersecretion, 729
idiopathic deficiency, 75
insufficiency, 89
irradiation for neoplasms of the central

nervous system, 92
melanocytic nevi, 104
on nitrogen retention and protein syn-

thesis, 103
in obesity, 103
oligomeric, 50
organic deficiency, 75
parenteral nutrition, 103
pen, 93
provocative testing, 93–96
pulsatility, 90
pulsations, 94
pulsing message, 94
real-life benefits, 102
recipients, type 2 diabetes in childhood,

104
release, 47
release by GHRH, 50
releasing hormone test for pituitary re-

serve for GH secretion, 941
replacement, during puberty, 94
Research Society, 73
resistance, 50, 64, 622
resistance or insensitivity, 17
response to pharmacological stimuli, 55
response to stimulation, 73

[GH]
responsiveness, 100
risk of malignancy or of tumor recur-

rence, 75
safety issues, 75
secretagogues, 921
sensitivity, 52
slipped capital femoral epiphysis, 105
stimulation, 74
supplementation, 921
thyroxine serum (T4) levels, 94
20 kD fragment, 50
ulcerative colitis, 103

GHBP (see GH-binding protein)
GH-binding protein (GHBP), 65–66, 88

Laron syndrome, 64
GHD (see Growth hormone deficiency)
GH-deficiency (GHD) (see Growth hor-

mone deficiency)
GHI, 65
GH/IGF-I

axis, 245
axis, classification of disorders involv-

ing the, 54
binding protein axis, biochemistry and

physiology of the 50
deficiency, 64
treatment, 887
testing for, 73

GH-1gene, IGHD 1B, 58
GH-IGF axis, 17
GH-IGF-I, 621
GH-IGF-I axis, 103, 622, 630
GH-independent IGF-I synthesis, 72
GH-induced tyrosine phosphorylation and

transcription activation, 65
GH insensitivity, 57, 73, 76

acquired 66
IGF-I treatment of, 76

GH levels, 99
adult women, 89

GHRD, 54, 73
adult stature, 68
intrauterine growth, 68

GHRD and GHRH receptor deficiency,
comparison of patients with, 58

GH receptor (GHR), 50, 90
deficiency, 64

GH-releasing hormone, dysfunction of
867

GH-releasing peptides (GHRP’s), 50
Ghrelin, 50, 835
GH replacement therapy, 87

interrupted, 93
GH-responsive children, 93
GHRH (see Growth Hormone Releasing

Hormone)
GHRH-R gene, 57
GHRH-receptor-deficient patients, severe

isolated GH deficiency, 57
GHRtr, truncated form, 50
GH-secreting adenoma, 728
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GH-secreting pituitary adenomas familial,
134

GH secretion, 50, 100, 868
insufficiency, 33
patterns, 89
spontaneous, 93

GH therapy, 73–74, 87, 96, 867
adult, 74, 95, 102
adverse effects of, 103
bone age, 95
chronic renal insufficiency, 100
deprivation syndrome, 63
Down syndrome, 102
efficacy, 95
ethical issues, 105
FDA approved indication for, 88
girls with Turner, IGF-I levels, 104
guidelines of, 74
hypochondroplasia, 100
idiopathic short stature (ISS) and CGD,

96
intrauterine growth retardation, 99
mental disability, 102
neural tube defects, 102
non-GH-deficient children, 96
patients, adult height of, 94
population, 96
psychosocial consequences, 105
PWS, 102
quality of life, 87
renal transplantation, 101
Russell-Silver syndrome, 102
scoliosis, 105
spondyloepiphyseal dysplasia and multi-

ple epiphyseal dysplasia, 100
steroid-dependant children, 101
tumor recurrence, 104
in Turner, 97
XHR, 99

GH-treated children with CRF, 99
GH-treatment-induced malignancy, 104
GI (see Glycemic index)
Giant hermangioma, 264
Gigantism, 134
Ginseng, 917–918
GIP (see Gastric inhibitory polypeptide)
GIR (see Glucose infusion rate)
Glanzmann’s thrombasthenia, 269
Glial cell tumors, 219
Glioma, 60, 90, 215, 230, 234, 725, 769
Glomerular filtration rate, 99
Glomerular sclerosis, focal segmental 633
Glomerulosclerosis, 586
GLP-1 (see Glucagon-like peptide-1)
Glucagon, 484, 487, 556, 559, 565, 576,

582, 590, 600, 603, 654, 671, 673,
730, 842, 940, 952

deficiency, 555
excess, 672–673
levels, 674
after an overnight fast, 589
receptor, 700

[Glucagon]
test, 195, 448, 950
test for GH secretion, 942

Glucagon-like peptide-1 (GLP-1), 576
Glucagonoma, 612–613, 743
Glucagon-producing alpha cells, 697
Glucagon-secreting islet cell tumor, 743
Glucocentric, 663
Glucocorticoids, 50, 162, 175, 365, 457,

612, 640, 835
administration, 288, 770
dependent disorders, 88
excess, 228, 234, 530
function, 151
hyperglycemia, 618
insufficiency, 758, 770
and mineralocorticoid in treatment of

adrenal insuffiency, 160
receptor, 151, 162
receptor gene mutation, 289
related hypertension, 909
remediable aldosteronism (GRA), 169,

901, 903
replacement, 163
resistance syndrome, 289, 297
responsive aldosteronism, 900, 905
suppressible hyperaldosteronism, 725–

726
therapy, 100, 161–163, 166, 182, 228,

233, 397
Glucocorticosteroids, 263
Glucokinase (GCK), 566, 632
Glucokinase gene, 630
Glucometer M, 546
Gluconeogenesis, 547, 553, 558, 576–578,

586, 589–591, 597, 654, 671–672,
810

defects in, 806
in diarrheal illness, 590

Gluconeogenesis/glycogenolysis defective,
563

Gluconeogenic substrate, 581
Glucophage, 298
Glucose, 600, 659, 678

absorption, 576
analyzer, 546
bolus, 564
concentrations and fluid infusion rates,

790
counterregulation, 586, 596
homeostasis, 99, 541–542, 549, 560,

575
infusion, 564, 566, 790, 797
intolerance, 135, 142, 564, 629, 839
intolerance/type 2 diabetes, 75
kinetic studies, 547
metabolism, 541, 547, 553, 837
metabolism, pathways of glycogen syn-

thesis, 587
meters, 597
oxidase peroxidase chromogen test

strips, 546

[Glucose]
oxidation, 552
oxidation rates, 631
polymers, 790
production, 547, 562, 575, 581
production rate, 548, 559, 583
production rate in the micropremie, 549
reflectance meter, 546
tablets, 602, 663
test for suppression of GH secretion,

951
tolerance, 558, 634, 887
tolerance test, 745, 809, 951
tolerance testing, 630
toxicity, 614
transport to the brain, 554
transporter, 289, 550, 577
transporter deficiency, 555
transporter 4 (GLUT-4), 630
transport (GLUT) proteins, 576
turnover, 575
uptake by skeletal muscle, 558
utilization, 550, 552, 554
utilization in the brain, 545

Glucose-alanine-glucose cycle, 577, 581
Glucose-fatty acid cycle, 576
Glucose-infused SGA neonates, 556
Glucose infusion rate, 797
Glucose-mediated insulin secretion, 846
Glucose-phosphatase, 577

glucose-6-phosphatase, 806
deficiency (type I), 563, 582, 586, 589

Glucose-sensing in cells, 577
Glucosidase (type IIIc), 588
Glucosidase inhibitors, 639
Glucostix, 546
Glucosuria, 628, 672
Glucuronidase deficiency, 113
Glucuronidation, 284
Gluma 38 autoantibodies, 694
Glut 2, 550
GLUT (see Glucose transport proteins)
GLUT-1, 550, 576–577, 592, 632

protein, 592
GLUT-2, 550, 566, 550, 577, 550, 632

autoantibodies, 694
function, 554
gene, 561

GLUT-3, 576- 577
GLUT-4 glucose transporter, 290–292,

550, 576–577, 632
GLUT-5, 550, 577
GLUT-6, 550
GLUT-7, 550
Glutamate, 584

synthesis, 595
Glutamate dehydrogenase, 580, 584

dehydrogenase deficiency, 788
Glutamic acid decarboxylase (GAD 65)

antibodies, 616
Glutamic acid decarboxylase autoantibod-

ies (GADA), 694
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Glutamine, 579, 672, 787, 796
cycle, 579

Glutaric acidemia type II, 592, 596, 598
Glutaric aciduria type I, 793–794, 802

deficiency, 792
Gluten, 664

enteropathy, 601
free diet, 30
induced enteropathy, 705
sensitive enteropathy, 520

Glycation of protein, 620
Glycemic

concentration, 552
excursions, 658
goals, 663
index (GI), 842
response to glucagon, 583, 589
thresholds, 600

Glycemic control, 621, 625, 637, 657,
659, 662, 846

at home, 636
Glyceraldehydes-3-phosphate, 483
Glycerol, 156, 554

kinase deficiency, 155
trierucate oil, 158
trioleate, 158

Glyceroluria, 795
Glycerrhetinic acid, 906
Glycine, 591, 595
Glycogen, 575

debranching enzyme deficiency, 587
phosphorylase deficiency (type VI), 588
storage, 164, 577
storage disease, 582, 588, 597–598–

599, 804
storage diseases (types, I, III, VI, IX),

583
storage disease type I, 555
stores, 554
synthase (GYS), 632
synthase (GYS2), 586
synthase deficiency, 582–583, 586, 597,

599
Glycogenesis, 576, 758
Glycogenolysis, 547 553, 578, 590
Glycolysis, 566, 654
Glycoproteins, 936
Glycosidases, 534
Glycosuria, 164, 670
Glycosylated hemoglobin, 99, 104, 601,

657, 661, 663, 669
during GH therapy, 98
levels, 666
total HbA1 or HbA1c, 662

Glycyrrhizic acid, 170
GMI gangliosidoses, 534
GNAS1, 485

gene, 423, 446, 494
GnRH (see Gonadotropin-releasing hor-

mone)
GnRHa, 224

therapy, 223, 225

GnRH-dependent
GnRH-independent, 215
GnRH-secreting neurons, 230
GnRH-stimulated

gonadotropin profile, 740
LH response, 212
testing, 232

Goiter, 352, 354, 393, 399, 401, 407, 664,
697

in the fetus, 348
Goiterous and nongoiterous euthyroidism,

395
Goitrin, 400
Goitrogen exposure, 402
Goitrogen ingestion, 362, 394
Goitrogenesis, 401
Goitrogenic foods, 400
Goitrogens, 396, 400
Goitrous dwarfs, 359
Goitrous hypothyroidism, 364, 401
Goitrous thyroiditis, 697
Golabi-Rosen syndrome, 926
Gonadal

abnormalities in 46,XY, 326
agenesis, 233, 320
differentation, 319–320
disorders, 227
dysfunction, 182
dysgenesis, 233, 243, 302–305, 326,

336
failure, 137, 227, 836, 866
failure, primary, 158
function, 203, 529, 884
function in HIV-infected individuals,

883
histology, 326
hormone deficiency, 529
malignancy, 248
mosaicism, 115, 123
pathology, 227
and reproductive function, 868
ridge, 320
steroid hormone replacement, 887
steroids, 142
streaks, 243
suppression, 224
tumors, 223, 326–328

Gonadarche, 182, 214, 225
Gonadectomy, 232, 248, 326
Gonaditis, 703s, 705
Gonadoblastoma, 232–233, 248, 304, 326,

738, 739, 739
Gonadotropin, 211, 225–226, 230

deficiency, 60, 92, 94, 134, 228–230,
232, 303–304, 867

level, 227, 229
receptor mutations, 233
receptors, 217
secretion, 160, 182–183, 211, 225, 289
secretory patterns, 291
sleep study, 953
status, 227

[Gonadotropin]
stimulation, 215
suppressant, 297

Gonadotropin-dependent (central) preco-
cious puberty, 215, 219, 221

Gonadotropin-dependent and independent
precocious puberty, 215

Gonadotropin-independent (peripheral)
precocious puberty, 216, 220

Gonadotropin-releasing hormone (GnRH),
34, 211, 216–217, 219–221, 223–
224, 227, 341, 728, 840

agonist therapy, 96, 258
analog, 98, 211, 217, 220, 223–224,

291, 299–300, 308
analog therapy, 226, 301
deficiency, 303
receptor, 223, 230
receptor gene mutation, 303–304
response test (Factrel), 953
secretion, 211, 301
stimulation, 211–212, 219, 221, 223,

227, 229, 884, 226
stimulation in adrenal tumors, 737
stimulated gonadortopin levels, 220

Gonadotropin-secreting adenoma, 729
Gonads, 883
Good health, 1
Goodpasture syndrome, 689
Gordon syndrome, 900–901
Goserelen, 299
Gout, 824
G-protein (GNAS1), 199, 216, 220,

422–423, 470, 471, 484, 486, 494,
524, 532–533, 567, 585, 727, 735,
758

GRA (see Glucocorticoid remediable al-
dosteronism)

Graft dysfunction or rejection, 101
Graft-vs.-host disease, 690
Grain products, 848
Granular cell tumors, 265
Granulocyte colony-stimulating factor

(GCSF), 586
Granulomas, 219

cell tumor, 259
Granulomatous disease, 228, 472
Granulosa cell tumors, 258, 739
Granulosa-theca cell, 739
Granzyme B, 395
Graves’ disease, 354–355, 393–394, 396,

398–399, 438, 473, 664, 689–691,
696–699–701, 706

exophthalmos in, 701
1 locus (GD-1), 699

Greulitch and Pyle, 7
Grf1, 17
Grf-1 protein, 17
Growth, 1–2, 5, 7, 203, 225, 586, 640,

840–841, 865, 876
abnormality, 14
according to irradiation protocols, 866
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[Growth]
assessment, 827
augmentation, 249
behavioral response to treatment, 22
breastfeeding and, 21
catch-up, 16
children up to 36 months of age, 3
deceleration, 26
development in NOFTT, 24
different stages of life, 5
fetuses and infants, assessment, 18
gestational age, 3
HIV-infected children, 879
impairment in HIV-infected boys with

hemophilia, 879
nevi, 75
patterns 13
persistent effects of IUGR, 18
puberty, 214

recanalization of normal, 21
related disorders, 3
spurt, 225
standards for TS, 244
syndromes, 133
therapy, 242, 244
standards for fetal, 16
Z scores, 3

Growth chart
for breastfed infants, 21
pubertal period, 3
for Turner syndrome, 1011

Growth curve
for diastrophic dysplasia, 1024
for height in females with Noonan-syn-

drome, 1023
for height in males with Noonan syn-

drome, 1023
pseudoachondroplasia, 1024
for spondyloepiphyseal dysplasia,

1024
of three groups of low-birth-weight in-

fants, 972
of three groups of low-birth-weight in-

fants plotted without correction for
gestational age, 973

Growth disturbances
hypothalamic-pituitary axis in HIV-in-

fected children, 878
observed in HIV infected children, 878

Growth factor-I and II (IGF-I, IGF-II),
728

Growth factor-I (IGF-I) deficiency, 47
Growth factors, 17

beta (TGF-�), 687
insulin-like, 47

Growth failure, 32, 62, 229, 239, 244,
441, 588, 598, 621–622, 767–768,
839, 876–878

diet related, 31
due to primary malnutrition, 10
in IUGR, 19, 98
in TS, 244

Growth hormone (GH), 19, 29, 47, 141,
157, 160, 224, 229, 235, 243, 353,
484–485, 491, 529, 564, 576, 600,
654, 671, 838, 866, 886, 917, 921

action, multiple sites of, 91
adipose tissue, 91
bone metabolism, 91
dynamics in HIV-infected subjects with

lipodystrophy, 880
effects, 89
excess, 133–134
insufficiency, 3
linear growth, 91
muscle, 91
pathway, 47
physiology, 88
receptor gene, diagram, 64
receptor signal transduction failure, 66
release, 88
releasing factor, 751
replacement therapy, 870
secretagogue receptors, 835
secretion, 136, 228, 835, 867, 878
secretion during sleep, 11
status, 34
stimulation tests, 940
testing, 867
therapy, 14, 247, 181
therapy in achondroplasia, 130
treatment, 87
treatment, side effects, 75
trials in short-normal girls, 12

Growth hormone deficiency (GHD), 10,
65–66, 62, 64, 68, 87, 90, 95, 97,
161, 219, 228–229, 249, 252, 339,
436, 555, 583, 597–598, 601, 808,
839, 840, 865–868, 870, 871, 877

acquired, 60
adrenocorticotropic responses to hypo-

glycemia, 62
adult, 74, 88, 95
adults with, 102
causes of acquired, 61
classic, 88
congenital, 47
diagnostic evaluation, 73
frequency of, 47
and GH sufficiency, 90
idiopathic, 90
infants, 92
and insensitivity, microphallus, penis

size, 57
microphallus, 92
partial,11, 33, 90, 93
radiation therapy, 90
treatment, 74, 92

Growth hormone releasing hormone
(GHRH), 15, 29, 34, 48, 50, 88,
91, 835, 927, 940

administration, 55, 92
defects, 53, 66
E180 splice site mutation, 65

[Growth hormone releasing hormone
(GHRH)]

gene, 50
gene, coding exons, 64
GHR deficiency, 74
mutation(s), 64,74
partial GH resistance, 66
R43X mutation, 65
receptor defects, 56
receptor deficiency, 57, 59, 68
stimulated GH levels, 101
stimulation test, 867
synthesis, 56

Growth Hormone Research Society, 89, 103
Growth-hormone-secretory granules, 133
Growth patterns, 3–5, 34, 827

in infancy, childhood, 13
of nutritional dwarfing compared with

constitutional growth delay, 27
of a patient with constitutional over-

weight, 828
of a patient with intrauterine growth re-

tardation, 19
of a patient with severe obesity, 828
suggestive of NGR, 30

Growth potential, 224
gonadotropins, 223

Growth problems, 8
diagnostic evaluation, 67

Growth progression, 1, 4
patients with constitutional growth de-

lay, 10
Growth rate, 227, 230

adjusted for chronological age, 5
GH treatment, 96
Prader-Willi syndrome, 102
variations, 5

Growth retardation, 90, 164, 362, 364,
865, 867, 870

low protein diet, 10
Growth velocity, 3, 14, 73

among HIV-infected children, 878
GH receptor deficiency, 71
after TS girls on hGH, 251
charts, 5

Gs� gene, 494
Gs� protein, 401
Gs� subunit, 423
GSD (see Glycogen storage disease)
GSD III, 588
Gs protein, 451, 751–752

deficiency, 448
Gsps oncogene, 727
Guidelines

maintenance sodium L-thyroxine ther-
apy, 366

reimbursement linked with American
Diabetes Association, 963

Guillain-Barre syndrome, 689
Gut hormones, 840
Gynecological, 257

problems, 259



1062 Index

Gynecomastia, 75, 105, 137, 167, 214,
226–227, 229, 328–329, 331, 736,
886

GYS, GYS2 (see Glycogen synthase)

HAART (see Active antiretroviral therapy)
Hair

abnormalities, 808
cycle clock, 282
grading system, 1004

HAIR-AN syndrome, 291, 293
Hallermann-Streif syndrome, 442
Hallucinations, 397
Hamartomas, 216, 219, 234, 407
Haptoglobin levels, 880
Harpenden sitting table, 8
Harpenden Stadiometer, 4
Hashimoto’s disease, 359, 394, 396
Hashimoto’s encephalopathy (HE), 396,

397
Hashimoto’s thyroiditis, 355, 360, 362,

393, 395, 398–399, 402, 662, 664,
689, 697–699, 701

with Down syndrome, 395
locus-1 (HD-1), 699

Hashitoxicosis, 697
HbA1c, 619, 620, 637–640, 657, 662

concentration, 626
levels, 623, 655
reduction, 640

HCG, 341
administration, 291
LH receptor, 328
LH receptor dysfunction, 328
producing tumor, 297
stimulation, 326, 330
stimulation tests, 341
testing, 232

hCTR-I, 487
HDL, 860

cholesterol, 920
Headache, 77
Head circumference, 18

for age and weight for length, boys:
birth to 36 months, 988

for age and weight for length, girls:
birth to 36 months, 978

in females with CDCS from birth to 15
years, 1028

for females with William syndrome,
1034

in males with CDCS from birth to 15
years, 1031

for males with William syndrome, 1037
quartiles of infants breastfed at least 12

months, 976
Head trauma, 160, 772, 773

child abuse victim, 61
hypopituitarism, 61
vasopressin deficiency, 61

Health beliefs, 32
Health benefits, 21

Health-compromising behaviors, 31, 826
Healthy dietary intake, 30
Healthy eating habits, 848
Hearing, 245

loss, 230, 242
Heart

attacks, 661
block, 808
disease, 847
failure, 637

Heart Outcome Prevention Evaluation
(HOPE), 626

Heelstick blood, 546
Height, 1, 226

changes after cranial and craniospinal
irradiation, 866

curve for achondroplasia, boys, 1016
curve for achondroplasia, girls, 1019
deficit in TS, 252
gains, 250
in females with CDCS from birth to age

24 months, 1026
in females with CDCS from 2 to 28

years, 1026
in males with CDCS from birth to age

24 months, 1028
in males with CDCS from 2 to 18

years, 1029
for males with William syndrome, 1035
measurements 4
parents, 14
for patients with William syndrome,

1032
prediction, 7

Height and pubertal development
boys, 992
girls, 982

Height velocity, 879
for achondroplasia, 1017

Height and weight for Down syndrome
boys, birth to 36 months, 1012
boys, 2–18 years, 1013
girls, birth to 36 months, 1014
girls, 2–18 years, 1015

Height and weight with Marfan syndrome
females, 1022
males, 1022

Height/weight percentiles
boys, 990
girls, 980

Heightism, 95
HELLP syndrome, 802
Hemangioblastoma, 199
Hemangiomas, 263
Hemangiopericytoma, 264, 524
Hematocolpos, 305
Hematometra, 305
Hematoperitoneum, 305
Hematuria, 258
Hemianopsia, 793
Hemihyperplasia, 133
Hemihypertrophy, 133, 141, 166, 735

Hemiparesis, 397, 603
Hemipligia, 793
Hemochromatosis, 61–62, 160, 233, 234,

234, 612
Hemoconcentration, 772
Hemodiafiltration, 790
Hemodialysis, 790, 810, 812
Hemofiltration, 797, 812

peritoneal dialysis, 790
Hemoglobin A1c, 602
Hemophilia, 759, 878
Hemophilia Growth and Development

Study, 878, 883
Hemophilia transmitted from father to son,

750
Hemorrhage, 61
Hemosiderosis, 228
Heparin lock needle, 937
Hepatic

adenomas, 586
adenomata, 588
failure, 301, 592
glycogen, 590
IGF-I, 52
IGF-1 gene, 33
insulin receptors, 838
nicotinamide adenine dinucleotide, 590
phosphorylase complex deficiency, 588
steatosis, 590, 633

Hepatic cytochrome P450, 492
Hepatic glucose

output, 556
production, 547–548, 554, 558, 577
storage, 653

Hepatitis, 160, 435, 436
B, 704
C, 704

Hepatoblastoma, 140–141, 215, 725, 221
Hepatocellular carcinoma, 788
Hepatomegaly, 158, 588–592, 806
Hepatopathy, 594
Herbal dietary suppments, 918
Herbicides, 325
Hereditary

disorders of collagen, 527
forms of GH deficiency, 56
fructose intolerance, 563, 589
hypophosphatemic rickets with hyper-

calciuria (HHRH), 523
insulin resistance syndrome, 289
primary hyperparathyroidism, 498
skinfold thickness, 832
tyrosinemia, 591

Hermaphroditism, 227, 304, 328, 336
Herpes simplex, 17
Hers’ disease, 588
HESX1, septo-optic dysplasia, 56
Heterosexual precocity, 215
Heuropathy, 704
Hexokinase, 838
Hexokinase II, 632
HgbA1C, 880
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H19 genes, 751
HGH (see Human growth hormone)
HHI (hereditary hyperinsulinism), 585
HHM (see Hypercalcemia of malignancy)
HHRH (see Hereditary hypophosphatemic

rickets with hypercalciuria)
Hidden penis, 339
High altitudes, 16
High-calorie

foods, 635
soft drinks, 637
density foods, 841

High cholesterol, 842
High-density lipoprotein cholesterol, (see

HDL) 862
High-dosage cranial irradiation, 865
High-dosage total-body irradiation, 871
Higher-carbohydrate-lower-fat diets, 658
High-fat diets, 653
High-fat food intake, 848
High-fat foods, 635
High phosphate formulas y, 497
High-school adolescents, 31
Hilar cell tumor, 166
Hip fractures, 243
Hippurate, 791
Hirschsprung’s disease, 200, 412
Hirsutism, 181–182, 226, 277, 284–285,

288–291, 293–294, 298, 305, 726,
739, 837, 839

acne, 286
adolescent girls, 288
causes of 296
clinical assessment of 294
cosmetic treatment of, 301
females, 287
patients, evaluation of 286
thyroid disorder, 294

Hispanic-Americans, 633
Histamine, 50
Histiocytosis X, 47, 90,61–62, 233–234,

303, 393–394
Histocompatibility antigens, 685
Histoliocytosis, 304
Histoplasmosis, 159
HIV, 304

AIDS, 887
patients, 885
seropositive, 875
transmission rates, 875

HIV infection, 875, 881, 884–885
adults, 883
infants, 876

HIV-positive, 876, 878
children, 878
men, 887
patients, 884

HLA (see Histo-compatibility locus)
HLA, 180, 694

alleles, 690
alleles or HLA haplotypes, 183
antigens, 688

[HLA]
�4 in Ashkenazi Jews, 287
genotypes, 617
genotyping of amniotic fluid, 184
risk haplotypes, 618
sixth chromosome, 183
in type 1 diabetes, 631
types, 688
typing, 708

HLA-A, 683, 686
HLA-B, 683, 686
HLA-B8, 703
HLA-B27 allele, 688
HLA-B35, 399
HLA-C, 683, 686
HLA-DQ, 701
HLA-DQB1, 692
HLA-DQB1*0602, 692
HLA-DR, 697
HLA-Dr alleles DR3 and DR4, 694
HLA-DR2, 688
HLA-DR3, 399, 692, 697, 703
HLA (DR3/4), 616
HLA-DR4, 697, 699
HLA-DR5, 399, 699
HLA-DR, DQ and DP in humans, 683
HLA-DR3 genotype, 664
HMG Co-A inhibitors, 627
HMG-CoA-synthase deficiencies, 803
HMG (high mobility group) box, 320,

327
Hodgkin’s disease, 60, 696, 865, 868–870
Holoporoensencephaly, 54, 762
Homeobox (SHOX) gene, 232, 533

LIM-1, 320
HESX1, 48

Homocysteine, 624
Homocysteine concentrations, 625
Homocystinuria (MIM#236200), 134, 139,

529
clinical manifestations of, 139

Homosexual orientation, 338
HOPE (see Heart Outcome Prevention

Evaluation)
Hormonal

alterations in malnutrition, 29
control of calcium and phosphorous ho-

meostasis, 483
influences of fetal growth, 17
osteoporosis, 529
standards for genotyping 21-hydroxyl-

ase deficiency, 184
stimulation test, 34
testing, 217
therapy, 341
therapy in HIV infections, 886

Hormone deficiency, 585
Hormone measurements, 935
Horner syndrome, 200
Horseshoe kidney, 242
HOT (see Hypertension Optimal Therapy

study)

Hot spot exons, 197
Hot thyroid nodules, 355
Houston-Harris achondrogenesis type IA,

118
Hoxa, 9–10, 11, 13, 321
Hox-6, 321
HP (hypoparathyroidism), 442, 450

caused by severe hypomagnesemia, 443
due to mutant preproPTH gene, 433
irradiation damage, 444

H2 receptor histamine antagonists, 723
3�-HSD deficiency, 157, 293, 297

genotype, type II, 287, 297
hirsute women, 287

3�-HSD II deficiency, 333
17�-HSD deficiency, 328
HSD11B2 gene, 906
HTML, 923
Http, 923
Human

CYP450 amomatase, 334
GHR gene, 64
pituitary-derived GH, 74
regular insulin, 655
skeletal dysplasia, 113
ultralente insulin, 655

Human chorionic gonadotropin (hCG), 18,
297, 324, 738, 839

receptor, 700
stimulation test, 229

Human growth hormone (hGH), 12, 15,
87, 249

augmentation therapy, 87
dosage, 250
hair cycle, 283
immunodeficiency, 159
insensitivities, 19
insulin NPH, 653–655
leukocyte antigen (HLA) complex, 683
oxandrolone therapy, 246, 251
therapy, 19, 245, 250–252
treatment, growth disorders, 88
trials in IUGR, 20

Human milk (see also Breastmilk), 21,
499, 505

feeding, 504
vitamin D, 490

Hunger or satiety, signal, 22
Huntington’s chorea, 613
Hurthle’s cell adenoma, 726, 727
HVA, 201
H-Y antigen, 751
Hydralazine, 910
Hydrazine sulfate, 886
Hydrocephalus, 102, 215, 219
Hydrochlorothiazide, 912
Hydrocortisone, 187, 556
HydroDiuril, 912
Hydronephrosis, 15, 441, 768
Hydrostatic weighting, 830
Hydroureter, 764, 768
16�-Hydroxyandrostenedione, 149
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17-Hydroxycorticosteroids (17-OHCS),
152–153, 159, 162, 164

18-Hydroxycorticosterone, 148, 158, 159,
725

18-Hydroxycortisol, 905
3�-Hydroxydehydrogenase (3HDS), 324

autoantibodies, 706
defects, 902
deficiency, 178, 220, 226, 287, 290, 329

16�-Hydroxy-DHA, 148
D-2 Hydroxyglutaric aciduria, 795
1�-Hydroxylase, 488, 498

activity, 490
1-24-Hydroxylase, 424
11�-Hydroxlyase (CYP11B1) (8q22), 147,

175, 187, 333, 902, 905
activity, 169
classic (hypertensive CAH), 177
deficiency, 157, 166, 175, 178, 220,

287, 900, 901, 903
17�-Hydroxylase, 175, 702, 902

deficiency, 900, 903
17,20 lyase deficiency, 157, 177–178,

233, 303–304, 307
21-Hydroxylase (CYP21), (6p21), 148
21-Hydroxylase (P450c21), 166, 437, 702

autoantibodies, 703, 706, 708
classic, 177
deficiency, 157, 168, 175, 179, 181–

184, 187, 220, 226, 285, 287, 290,
293, 298

nonclassic, 177, 180
spectrum of clinical presentation in 179

25-Hydroxylase activity, 488
14�-Hydroxylase deficiency, 226
18�-Hydroxylase deficiency, 158
21- or 11�-Hydroxylase deficiency, 178
21-Hydroxylase deficiency, 3�-HSD defi-

ciency, and idiopathic adrenal hy-
perandrogenism, 298

17-Hydroxylase/17,20 desmolase
(P45017), 324

11�-Hydroxylase/17,20-lyase deficiency,
901

17�-Hydroxylase and 17,20-lyase, CYP17
(10q24-q25), 148

11�-Hydroxylated steroids, 183
1�-Hydroxylation, 521
11�-Hydroxylation, 152
18-Hydroxylation, 169
25-Hydroxylation, 530
3-Hydroxy-3-methyl glutaric acidemia,

591
L-2-hydroxyglutaric aciduria, 794
Hydroxymethylglutaril-CoA-lyase, 801

deficiency, 582
Hydroxymethylglutaril-CoA-synthetase,

801
deficiency, 582

3-Hydroxy-3-methylglutaryl CoA lyase de-
ficiency, 563

3-Hydroxy-methylglutaryl-CoA-reductase,
863

17-Hydroxypregnenolone, 233
17�-Hydroxypregnenolone, 147–148
17-Hydroxyprogesterone (17-OHP), 178,

180, 184, 187, 214, 226, 233, 287,
333, 949

levels, 937
17�-Hydroxyprogesterone (17-OHP), 278
Hydroxyproline, 431
3�-Hydroxysteroid dehydrogenase, 147,

148, 175, 177, 333, 437
3B-HSD, 1p13.1, 148, 703, 900
�4–5 isomerase deficiency, 333

11�-Hydroxysteroid dehydrogenase, 906,
909

activity, 170
17�-Hydroxysteroid dehydrogenase, 324
17�-Hydroxysteroid dehydrogenase defi-

ciency, 330
17 Beta-hydroxysteroid oxidoreductase,

835
3�-Hydroxysteroids, 158
25-Hydroxyvitamin D, 449, 485, 520, 535

-24 hydroxylase (CYP24), 49025 OHD-
1�-hydroxylase, 484

-1�-hydroxylase, 426
1�-Hydroxyvitamin D3 y, 497
Hymen imperforation, 303
Hymen polyps, 258, 266
Hyper IgE syndrome, 530
Hyperadrenalism, 622
Hyperadrenocorticism, 163, 216
Hyperalaninemia, 589
Hyperaldosteronism, 164, 168–169, 726,

737, 772–773, 900–901
syndromes of, 168

Hyperammonemia, 580, 590–592, 595,
598, 788, 793, 796–797, 811

in a sick neonate, 789
Hyperammonemia-hyperornithinemia-

homocitrullinuria syndrome, 788
Hyperammonemic episode, treatment of,

790
Hyperandrogenic

anovulatory females, 292
disorders, PCOS, 305
symptoms, 289, 301
symptoms of PCOS, 289

Hyperandrogenism, 77, 180–181, 225–
226, 232, 291, 837

in pubertal girls, 839
Hyperbilirubinemia, 353
Hypercalcemia, 430, 453–455, 457, 470–

471, 473, 486,497, 499–500, 503,
525, 530, 535, 721, 768, 885, 909

complications of, 474
malignancy (HHM), 422, 482, 491
storm or crisis, 721
symptoms, 433
therapy, 455
treatment of, 474

Hypercalciuria, 453, 455, 473, 505, 520,
523, 530, 586, 722

Hypercalciuric hypocalcemia, 453
Hypercalciuric rickets, 523–524
Hypercapnia, 824
Hyperchloremia, 672
Hyperchloremic metabolic acidosis, 590
Hypercholesterolemia, 164, 588–589,

828
Hypercorticolism, 838
Hypercortisolemia, 736–737
Hypercortisolism, 164–166, 527, 729

related to a pituitary adenoma, 164
symptoms of, 164
treatment, 165

Hyperfluorosis, 764
Hyperfunctioning thyroid carcinomas,

403
Hypergammaglobulinemia, 438
Hyperglycemia, 164, 195, 500, 541, 552–

553, 556, 566, 586, 611–612, 615,
618, 624, 626, 654, 656, 665,
673–674, 677, 679–680, 694, 743,
775, 792, 804, 808, 884

mechanism of, 671
testing for 634

Hyperglycemic, 766
clamp technique, 547, 551
hyperosmolar state, 639
range, 546
response to oral glucose administration,

186
Hypergonadotropic, 308

hypogonadism, 233, 229, 303, 305, 339,
703

primary amenorrhea, 304
state, 228, 302

Hypergonadotropism, 232
Hyperinsulinemia, 98–99, 101, 104, 290,

541, 555, 590, 824, 832, 842, 844,
886, 887

obesity, 839
Hyperinsulinemic hypoglycemia, 558, 561,

583, 741
Hyperinsulinism, 19, 75, 135, 291, 554,

557–558, 560, 567, 580, 582–585,
595, 597, 599, 615, 630, 637, 740,
742, 751, 830, 837

relative, 560
Hyperkalemia, 881
Hyperketonemia, 586, 674
Hyperketosis, 589
Hyperlacticacidemia, 586, 588, 589, 793,

808
Hyperlipidemia, 142, 164, 622, 625–626,

629, 637, 640, 654, 662, 670, 824,
830, 834, 837, 841, 847

levels in children, 862
mechanism of, 671

Hyperlipoproteinemia, 859, 860
Hypermagnesemia, 422, 428
Hypernatremia, 670, 674, 766, 771
Hypernatremic metabolic acidosis, 810
Hyperosmolality, 757, 764, 771
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Hyperosmolarity, 670, 673–675
diabetic coma, 670
nonketotic coma, 673

Hyperotosis, 124
Hyperoxaluria type I, 795
Hyperoxaluria type II, 795
Hyperparathyroid bone disease, 449, 526
Hyperparathyroidism, 197–198, 407,

417, 472–475, 492, 498, 502–503,
520, 522, 530, 535–536, 722, 724,
900

complications of, 474
hypertension, 909
pathogenesis of, 471
secondary and tertiary, 473
treatment of, 474
radiation exposure, 473

Hyperphagia, 836, 840
diencephalons, 48
short stature, 62

Hyperphosphatemia, 430–431, 447, 472,
474–475, 483, 485, 496, 502–503,
505

with osteoectasia, 124
therapy of, 455

Hyperpigmentation, 156, 178
Hyperplasia adrenal rest tissue, 221
Hyperplasia and hypertrophy of fat cells,

837
Hyperplastic chronic candidiasis, 435
Hyperplastic nodular testes, 183
Hyperprolactemia, 60, 61, 221, 228, 234,

258, 288, 293, 295, 297, 305, 307,
728, 867, 870, 885

Hypersensitivity vasculitis, 690
Hypersomnolence, 60
Hypertension, 15, 16, 20, 162, 169–170,

175, 178, 187, 201, 242, 245, 304,
329, 446, 448, 586, 627, 633, 640,
665, 726, 729, 736, 824–825, 828,
830, 837, 841, 844, 847, 902, 907,
918

causes of, 895
in children, 895
complications of, 895
crisis, 196, 908
with hypokalemia, 907
management, 907
prevention of, 909
in thyroid disease, 908
treatment of, 909

Hypertension Optimal Therapy (HOT)
study, 627

Hypertext, 923
Hyperthecosis of stroma, 293
Hyperthyroid, 664
Hyperthyroidism, 195, 216, 269, 294, 305,

355, 366, 396, 399, 403, 469, 612,
697, 700, 706, 708, 729, 900

Hyperthyrotropinemia, 355
of infancy, 350

Hypertrichosis, 277

Hypertriglyceridemia, 588–589, 633, 671,
863, 880

chylomicronemia syndrome, 863
Hyperuricemia, 632, 802, 846
Hypervitaminosis D and A, 503
Hypoadrenalism, 707, 886
Hypoadrenocorticism, 154, 166, 435, 706

related to end-organ unresponsiveness,
154

secondary to deficient CRH and/or
ACTH secretion, 154, 160

secondary to end-organ unresponsive-
ness, 162

syndromes, 156
Hypoalbuminemia, 679
Hypocalcemia, 164, 428, 430–431, 439–

441, 447–449, 455, 457, 472, 475,
482, 484, 486–487, 491, 493, 495,
500–501, 503, 518–519, 559, 678,
793, 836

challenges, 429
convulsions, 438
critically ill children, 442
diagnosis of, 449
hypercalciuria, 451, 493
manifestations, 453
rickets, 518, 521
screening, 451
seizure, 519, 433
stress, 494
tetany, 488

Hypocaloric diet, 824, 846, 846
Hypocapnia, 431
Hypochondrogenesis, 120, 532
Hypochondroplasia, 8, 34, 88, 14, 118,

126, 128, 130, 533
Hypocortisolemia, 339
Hypocortisolism, 92
Hypodentia,10, 446
Hypoestrogenism, 243
Hypoglycemia, 57, 70, 92, 140–141, 156–

157, 159, 161–162, 196, 353, 449,
542, 544–545, 554–555, 557–559,
561–565, 568, 575, 577, 579,
584–586, 588–592, 594–597,
599–603, 639, 654–656, 658–659,
662–663, 674, 676, 679, 689, 696,
740–741, 808–809, 811, 870

after alcohol ingestion, 597
asymptomatic 545
cause of, 581, 596
clinical manifestations, 580
definition, 575
diarrhea, 591
following maternal ethanol consump-

tion, 562
GHD, MPHD, and GHI, 68
impact of, 601
incidence, 553
leucine, 562
malaria, 590
in the neonate, 543, 546

[Hypoglycemia]
in the newborn, 541
symptoms of 544, 741
treatment, 602
unawareness, 601, 602

Hypoglycemia in children, 575
causes of 582

Hypoglycemia, diabetes mellitus, 600
causes of 601

Hypoglycemic
agents, 638
catecholamine counterregulation, 562
episodes, 156
hormone, 611
medication, 637
therapy, 614
unawareness, 626

Hypoglycorrhachia, 592
Hypogonadal men, 919
Hypogonadal state, 228
Hypogonadism, 7, 32, 134, 182, 226–228,

434, 442, 448, 451, 527, 529, 696,
749, 836, 884, 886

Hypogonadotropic, 308
Hypogonadotropic hypogonadism (HH),

156, 158, 230, 233, 288, 304, 327,
339, 340, 840

GnRH or GnRH analog stimulation test,
307

Hypogonadotropism, 211, 230, 233
Hypoinsulinism, 562
Hypokalemia, 169–170, 203, 495, 500,

676–679, 881
alkalosis, 169
hypertension, 289

Hypoketonemia, 590
Hypoketosis, 595, 599
Hypoketotic, 592
Hypoketotic hypoglycemia, 584, 591, 793
Hypolipidemics, 771
Hypomagnesemia, 422, 433, 442–443,

449, 453, 470, 493, 495–496, 500,
559

Hypometabolic, 841
Hypomuscularity, 68
Hyponatremia, 672, 675, 679, 764, 766,

768–769, 772, 774, 776, 881, 886
abnormal regulation of vasopressin, 773
acute, 773
with appropriate decreased secretion of

vasopressin, 769, 771, 775
chronic, 773
dehydration, 457
hyperkalemic acidosis, 159
in infants, 770
severe, 773

Hypoparathyroid, 503
mothers, 422

Hypoparathyroidism, 160, 233, 415, 421,
435, 469, 471, 493, 503, 678,
704–705, 707, 751, 808, 900

causes, 432
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[Hypoparathyroidism]
diagnosis of specific forms of, 450
of dysmorphic syndromes, 437
idiopathic, 703

Hypoparathyroidism and pseudohypopara-
thyroidism, differentiation of, 449

Hypophosphatasia, 126, 525, 536
Hypophosphatemia, 88, 216, 472, 483,

484, 488, 500, 502, 520, 523–524,
670, 676–678

Hypophosphatemic rickets (ADHR), 3, 53,
99, 124, 488, 524

classification of, 522
Hypophyseal

arteries, 50
portal system, 48
portal vessels, 50

Hypophysectomy, 723
Hypophysitis, 689, 704–705
Hypopituitarism, 14, 34, 47, 55, 60–62,

74, 87, 89–90, 160–161, 228,
303–304, 364, 555, 582, 585, 598,
704, 727, 762, 867

with ACTH deficiency, 160
breech delivery, 55
cerebral edema, 48
cerebral edema, diabetic ketoacidosis,

61
Hypopituitarism due to PROP1 deficiency,

lateral skull films, 57
Hypoplasia

of the aorta, 15
of the uterus, 305

Hypoplastic
adrenals, 155
glands, 364
left heart syndrome, 241
nails, 15, 118
penis, 441
PTG, 432
thyroid glands, 361

Hypopothalamous-neurohypophyseal sys-
tem, 766

Hyposmia, 228, 230
Hypospadia, 15, 137–138, 325, 328, 339,

441
Hypotension, 195, 881
Hypotensive stress, 48
Hypothalamic, 840

amenorrhea, 305, 307
appetite centers, 836
corticotropin-releasing hormone-secret-

ing cells, 726
cysts, 234
deficiency, 227
diabetes insipidus, 770
dysfunction, 92, 134
hamartoma, 222
hamartoma-blastoma, 54
hamartomas, 215, 217, 219, 225
hormones, 160
hypothyroidism, 362

[Hypothalamic]
nuclei, 832
obesity, 846
paraventricular nucleus, 757
pituitary deficiencies, 867
and pituitary hypothyroidism, 364
or pituitary hypothyroidism, 367
somatostatin tone, 100
surgery, 766
TRH deficiency, 362

Hypothalamic-pituitary
adrenal axis, 163, 756
axis, 14, 34
dysfunction, 886
function, 365
gonadal axis, 227
gonadotropin-gonadal control, 211
malformations, 54
ovarian axis, 182
testicular axis, 214
thyroid axis, 360

Hypothalamopituitary-adrenal axis, 152
Hypothalamus, 47–48, 91, 840
Hypothalamus and pituitary, 885
Hypothenar dermatoglyphic patterns, 446
Hypothermic, 558
Hypothyroid

children, 359
newborn, 352

Hypothyroidism, 10, 75, 103, 217, 223,
228, 230, 233–234, 245–246, 258,
269, 294, 305, 339, 348, 354–355,
359, 363–365, 396–400, 403,
434–436, 441–442, 444, 446, 448,
451, 455, 601, 622, 664, 700, 769,
808, 836, 839–840, 886, 900, 909

causes, 360
clinical features, 364, 364

Hypothyroxinemia, 353
of the newborn, 353

Hypotonia, 504, 793, 802, 805, 808, 836,
841

Hypotonic, 21
Hypovolemia, 771, 775
Hypoxemia, 554
Hypoxia, 557

Sheehan Syndrome, 48
Hypoxic brain death, 763

IAA (see Insulin autoantibodies)
Iatrogenic vitamin D deficiency, 500
Ibuprofen, 308
iCa, 484–485, 492, 494–495, 694, 702

levels, cord/serum 482
nondiabetic first-degree relatives, 695
positive relatives, 616
pump (PMCA), 489

I y, 497
ICD-9 (ICD-10 coming), 960
ICD-10 (see International Classification of

Diseases), 10
Ichthyosis, 158

IDDM (see Insulin-dependent diabetes
mellitus)

Ideal body weight, 827
perception of, 31

Idealized diets, 30
Ideal slim and trim figure, 31
Idebenone, 810
Idiopathic

adrenal hyperandrogenism, 295
DI, 704
goiter, 401
gynecomastia, 226
hirsutism/acne, 294
HP, 451
hypogonadotropism, 233
hypopituitarism, 704
juvenile osteoporosis, 527, 531
labial fusion, 305
micropenis, 339
panhypopituitarism, 160
sexual precocity, 168
short stature (ISS), 3, 66, 73, 95, 96,

249
thrombocytopenia, 438
thrombocytopenic purpura (ITP), 269
(simple) thyromegaly, 394

Idiopathic hirsutism, 226, 295–296, 300
treatment of, 300

IDM (see Infant of the diabetic mother)
IFN-�, 690, 698
Ifosfamide, 869
IgA deficiency, 705
IgA-endomysial antibody, 30
IgD-negative, 687
IGF-1, 15, 33
IGF-I (see Insulin-like growth factor)
IGF-I or IGF-II, 136
IGF-2, 584
IGF-II, 17, 51, 428

gene, 140
growth factor in utero, 54
mannose-6-phosphate receptor type 2,

53
IGF axis, 640
IGF-binding protein-3 (IGFBP-3), 876
IGFBP, 26
IGFBP-1, 67, 99, 583, 838
IGFBP-2, 67, 73, 838
IGFBP-3, 17, 27, 52, 67, 245, 729, 838,

938
IGFBP-5, 52
IGFBPs, 52, 89, 838
IGFBP-1 levels, 583
IGFBP-3 levels, 73
IGFBP-related proteins, 52
IGF-I deficiency, 53, 75

blue scleras, 68
clinical features of, 69
craniofacial characteristics of, 68
primary, 54
secondary, 54
resistance, 47
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[IGF-I deficiency]
and IGF-I resistance, classification of,

clinical and biochemical features,
55

IGF-1 gene, 11
IGF-I gene, 100

partial deletion, 53
IGF-I GFBP-IGF/IGFBP receptor axis, 53
IGF-I, IGF-II and IGFBP-3 in GHRD, 57
IGF-I levels, 99, 228, 866, 877

in infancy, 89
during puberty, 89
in utero, 89

IGF-2 levels, 880
IGF receptors, 53
IGF-receptor type 1, 53
IGFs, 89
IgG (see Immunoglobulin G)
IgG autoantibodies, 687, 701
IGHBP levels, 34
IGHD IA, 58
IGHD IB, 59
IGHD II, 59
IGHD III, agammaglobulinemia, 59
IGH-I levels, 34
IgM-positive, 687
IGUR, proportionate 16
IGUR, symmetrically growth-retarded, 16
131I-iodine scanning, 416
IL-1, 690
IL-2, 690
IL-6, 486

activity, 877
overproduction, 876

IL-10, 686
IL-12, 686
123I-labeled metaiodobenzylguanidine

(MIBG), 196
IL-4 promoter (chromosome 5q31.1), 701
IMD (see Inborn metabolic diseases)
123I-MIBG scintigraphy, 201
Immobilization, 472

hypercalcemia, 531
Immune

deficiency, 440
hemolytic anemia, 689
inflammatory disease, 530
leukopenia, 689
system, 683
thrombocytopenic purpura, 689, 705

Immune abnormalities in type 1 diabetes,
695

Immunoglobulin G (IgG) antibodies, 394
Immunoradiometric assay (IRMA), 936
Immunoreactive CT, 486
Immunoreactive PTH, 484
Immunosuppressive agents, 696
Immunosuppressive cytokine TGF-�, 687
Impaired fasting glucose, 611, 612
Impaired gluconeogenesis, 601
Impaired glucose tolerance, 611–612, 824
Imperforate anus, 15

Imperforate hymen, 232, 305
Imprinting, 446

genes on fetal growth, 17
Inactivating mutations, 53
Inadequate GH secretion, 87
Inappropriate ADH secretion, 161
Inappropriate antidiuretic hormone

(SIADH), 762, 764, 766, 769,
771–772, 776

Inappropriate eating habits, 31
Inappropriate increased secretion of vaso-

pressin (SIADH), 773
Inappropriate secretion of vasopressin syn-

drome, 769
Inappropriate sex-steroid-stumulated

changes for gender, 226
Inborn errors

of amino acid metabolism, 563
of cartilage metabolism, 128
of thyroid hormone synthesis, 361,

364
Inborn metabolic diseases (IMD), 787
Increased intracranial pressure, 364
Increased metabolic efficiency, 836
Increased water ingestion, 769
Indomethacin, 169, 769

mediated hypoglycemia, 563
Infant of a diabetic mother, 495, 541, 555,

558–559, 566
Infant gonadotropin secretion, 225
Infantile

anorexia, 23
hypophosphatasia, 499
osteoporosis, 534

Infantilism, 239
Infant’s behavior, 22
Infants born to mothers treated with glu-

cocorticoids, 162
Infants’ skeletons, 2
Infarction, 680
Infections of the vagina, 258
Infectious diseases, 61
Infectious thyroiditis, 394
Infertile man syndrome, 331
Infertile men, 328
Infertility, 178, 180, 182, 240, 244, 287,

289, 305, 340, 751
Inflammatory arthritis, 527
Inflammatory bowel disease, 88, 100, 233,

234, 246, 527, 530 (see also
Crohn’s disease)

Inflammatory disease, 61
Infusion pump, 659
Inguinal hernias, 332
Inhaled steroids, 152
Inhibin, 319, 323
Inhibin B, 214
Inhibitors of digestive enzymes, 846
Inorganic phosphate (Pi), 483, 521

dietary regulation of, 522
excretion, 426
transport, 429

Insensitivity to leptin, 834
INSR gene, 292
Institute of Medicine, 16
Insulin, 17, 157, 548, 576, 597, 599–600,

611, 614, 639, 675, 730, 834, 842,
846

absorption, 666
action, 653, 658
adjustment, 656, 666
administration, 654, 660
analogs, 637
antagonism, 671
antibodies, 601, 621, 671
antibody formation, 655
autoantibodies (IAA), 616, 694, 706
autoantibodies-hypoglycemia, 689
binding sites, 837
boluses, 677
coverage, 661
deficiency, 622, 653–654, 669–672, 775
delivery route, 676
delivery, 659
dependency, 640
dependent diabetes, 662, 664, 705
discovery, 653
dosage adjustments, 656
edema, 679
errors, 601
gene, 566
gene transcription, metabolic signals

and insulin secretion, 567
glargine, 639, 656
glucose ratio, 556
infusion, 549, 551, 654
injections, 656
and leptin, 846
levels, 584
lispro, 655, 656
management strategies, 655
needs, 659
oral 654
preparations, 655
promoter factor-1, 631
prophylaxis, 616
release, 654
requirements, 654, 671
response, 558
sensitivity, 547, 846
stimulation test for GH secretion, 942

Insulin-dependent diabetes mellitus
(IDDM), 160, 361, 396, 492, 611,
665, 669, 705, 751

Insulin-dependent diabetic mother, 493
Insulin-induced down regulation of IRS-1,

631
Insulin-induced hypoglycemia, 575, 581,

757, 940
Insulin-like factor 3, 325
Insulin-like growth factor (IGF), 561
Insulin-like growth factor 1 (IGF-I), 26,

50, 67, 88, 278, 428, 491, 729,
838–839, 868, 876, 886, 921, 938
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[Insulin-like growth factor 1 (IGF-I)]
axis, 17
cDNA, 76
chronic disease, 89
diabetes, 89
generation, hepatic dysfunction, 67
generation test, 942
GHIS, 77
growth, role of, 53
hypophysectomized rats, 89
hypothyroidism, 89
and IGFBP-3 measurements, 72
and IGFBP-3, reference values (table),

72
insensitivity, 54
intrauterine growth, 53
levels, 245, 938
malnutrition, 89
paracrine mitogenic effects, 89
resistance, 67
response to GH, 94
screening test, 89
synthetic defect, 67
therapy, 52, 77
treatment, adverse events, 77

Insulin-like growth factor type II, 751
Insulin-like hormone-3 (INSL-3), 340
Insulin-mediated glucose, 630

uptake, 837
Insulinoma, 582, 599, 723, 730, 741, 741,

742, 838
associated antigen 2, 692, 695
associated-I autoantibodies, 694

Insulinomimetic autoantibodies, 689, 696
Insulinomimetic hypoglycemia, 690
Insulinopenia, 695

diabetes, 691
Insulin-producing tumor, 838
Insulin pumps, 680

therapy, 657
Insulin receptor, 638, 751

autoantibodies, 694, 696
�-subunit, 292

Insulin resistance, 19, 90, 96, 246, 291,
297, 629, 630–631, 633, 637, 655,
678, 824, 835

associated conditions, 633
obesity, 838
syndrome, 629

Insulin-resistant diabetes, 689
Insulin-responsive glucose transporter, 577
Insulins, mixed, 656
Insulin-secreting adenomas, 562
Insulin secretion, 11, 564, 579, 584, 638,

832, 840, 842, 846
regulation, 580

Insulin-signaling pathway, 289
Insulin therapy, 654, 677

DKA, 675
Insulin-treated diabetic child, 671
Intellectual and neuropsychological risks,

871

Intellectual delays, 24
Intensive diabetes therapy, 654, 656
Intepregnancy interval, 16
�-Interferon, 612
Interferon-like growth factor-1 (IGF-I),

917
Interleukin, 491
Interleukin-1, 150
Interleukin-11, 428
Interleukin-6 (IL-6), 150, 835
Intermenorrhea, 302
Intermittent exercise, 844
International Classification of Diseases 10

(ICD-10), 959
International Neuroblastoma Staging Sys-

tem, 202
International nomenclature and classifica-

tion for the skeletal dysplasia, 114
International Nomenclature of Constitu-

tional Disorders of Bone, 531,
534

International Unit (IU), 935
Internet, 924
Interrupted pituitary stalk, 54
Intersex, management of 336
Intersex Society of North America, 336,

338
Interstitial nephritis, acute 772
Intestinal, 429

absorption of Ca and P, 488
absorption of dietary phosphate, 522
Ca and Pi ion absorption, 429
ganglioneuromatosis, 198, 412
lipase, 846
lymphangiectasia, 434
malabsorption of Ca, 492
telangiectasia, 246

Intracellular free Ca2�, 426
Intracellular potassium, 674

deficiency, 677
Intracerebral calcification, 767
Intracranial

hypertension, 104
irradiation for leukemia, 55
pressure, 432, 787, 790
tumors, 727

Intralipid, 797
Intramuscular insulin, 677
Intramuscular vitamin D therapy, 535
Intranasal glucagon, 603
Intrasellar tumors, 134
Intrathyroidal iodine, 348
Intrauterine accretion of Ca, 481
Intrauterine accretion of P, 481
Intrauterine device (IUD), 307, 308
Intrauterine growth, 876
Intrauterine growth retardation (IUGR),

15, 16, 67, 88, 97–98, 129, 244,
334, 492, 555, 808

catch-up growth, 18
etiology, 16
final height of infants, 18

[Intrauterine growth retardation (IUGR)]
IGF-I receptor, 53
postnatal growth and outcome, 18

Intrauterine undernutrition, 631
Intravenous

administration of Ca, 495
Ca therapy, 496
calcium infusion, 475
carnitine, 797, 804
dDVAP, 766
delivery of insulin, 676
glucose tolerance testing (IVGTT), 557,

616
lipid infusion, 492, 494

Intrinsic factor blocking autoantibodies,
706

Intrinsic shortness, 3
In utero diagnosis of hypothyroidism, 348
In utero nutritional insult, 20
In vitro fertilization, 138, 326
Iodine, 32

deficiency, 348, 362, 394, 396, 400
excretion, 364
intake, 396
overload, 348

Iodized salt, 400
Iodothyronines, 359
Ionized Ca, 481
Ionized calcium, 470, 472
iPTH, 504, 505
iPTH assays, 484
IQ, 70, 245, 352, 353

Laron syndrome, 69
IRMA (see Immunoradiometric assay)
Iron, 22, 32, 400, 844

storage in the PTG, 444
Iron deficiency, 22–24, 29–30, 32

anemia, 637
Irradiation, 61, 73, 865

of the thyroid, 361
Irregular menses, 212
Ischemic heart disease, 20
Ischemic pituitary damage, 56
Islet autoantibodies, 694, 701
Islet autoantibody testing, 614, 695
Islet cell

adenoma, 561, 596
antibodies, 616
autoimmunity, 664
cytoplasmic autoantibodies, 706
dysmaturation syndrome, 740
hyperplasia, 560, 563
69 kD, 694
surface autoantibodies, 694

Islet sialoglycoconjugate, 692
Iso or ring X chromosome, 304
Isochromosome, 239, 246
Isoenzyme, type 2 301
Isoenzymes of 17�HSD, 330
Isoflavonoids, 400
Isoflurane, 908
Isolated adenoma, 561
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Isolated GHD, 58
deficiency, 585

Isolated gonadotropin deficiency, 230
Isolated LH deficiency, 884
Isolated PTH deficiency, 442
Isoleucine, 672
Isoniazid, 226
Isosexual precocity, 215
Isovaleric acidemia (IVA), 598, 792
Isovaleric aciduria, 794
Isovalerylcarnitine in IVA, 793
Isovalerylglycine, 797

in IVA, 793
IsoXq, 245
Isradipine, 910
ISS (see Idiopathic short stature)
ITP (see Idiopathic thrombocytopenic pur-

pura)
IU (see International Unit)
IUD (see Intrauterine device)
IUGR (see Intrauterine growth retarda-

tion)
IV lipids, 790
IV pyrogen, 161
IVA (see Isovaleric acidemia)
IVGTT (see Intravenous glucose tolerance

testing)

JAK2 in GHR, 50
Jamaican vomiting sickenss (ingestion of

unripe ackee), 582, 589, 591
Jansen, 121
Jansen’s metaphyseal dysplasia, 498, 531–

533
Jaw wiring, 846
Jejunoileal bypass, 846
Johanson Blizzard syndrome, 15, 17
Joint laxity, 126
Joint limitation, 621
Jost’s hypothesis, 323
Junk food, 22, 30
Juvenile Diabetes Foundation, 694
Juvenile Paget’s disease, 124
Juvenile rheumatoid arthritis, 100, 246,

439

K�, 675
Kabi International Growth Study (KIGS),

47, 75
Kabuki syndrome, 762
Kahn type B insulin resistance, 290, 293
KAL1 gene, 230
Kallmann syndrome, 158, 228, 230,

232–233, 303–304, 339–340,
530

Kaposi’s sarcoma, 881, 884
Karyotype, 228–229, 232, 245, 335

45,X/46,XY, 233
Turner syndrome, 241

Kasabach-Merritt syndrome, 264, 270
K�/ATP channel complex, 638
Kawasaki disease, 690

Kearns-Sayre syndrome, 442, 809
Keloid formation, 242
Kennedy syndrome, 328, 331–332
Kenny-Caffey syndrome, 432, 441, 449
Keratitis, 435
Keratopathy, 434
Keratosis follicularis, 262
Keratosis pilaris, 262
Kerbs cycle, 584
Kerner-Morrison syndrome, 200
2-Ketoacidic aciduria, 795
2-Ketoacid dehydrogenase (BCKD), 805,

806
Ketoacidosis (DKA), 591, 614, 618, 670–

671, 674, 811
Ketoacyl-CoAs, 800
2-Ketoglutarate-dehydrogenase, 787
Ketoconazole, 223, 226–227, 300, 737
Ketoconazole therapy, 300
Ketogenesis, 576, 579, 671, 673, 800

mechanism of, 672
Ketogenic diet, 592
�-Ketoglutarate dehydrogenase (�-KGD),

805, 806
Ketone, 554, 600, 680

bodies, 555, 581, 679
synthesis, 592–593

Ketonemia, 670, 741
Ketonuria, 581, 583, 595, 663, 677, 680,

797, 809, 656
Ketosis, 588–589, 597, 599, 673–674,

808, 842
17-Ketosteroids, 166, 184, 330

and pregnanetriol in the amniotic fluid,
184

reductase deficiency, 290
Ketotic hypoglycemia, 581, 597
�-KGD (see �-Ketoglutarate dehydroge-

nase)
Kidney aplasia, 441
Kids Weight Down Program, 847
KIGS (see Kabi International Growth

Study)
Kir6.2, 579, 580

gene, 583
Klinefelter syndrome (47XXY), 137, 226,

228–229, 239, 241, 328, 339, 361,
361, 613, 706–707, 738, 840

cancer risk, 138
Kniest dysplasia Ellis-van Creveld syn-

drome, 113, 119, 126–128
Kozlowski type
Krebs cycle, 580, 592, 792
Kupffer’s cells, 423, 685
Kussmaul’s breathing, 674
Kyphomelic dysplasia, 123, 126
Kyphoscoliosis, 116, 118, 120, 504, 529
Kyphosis, 526

Labetalol, 908, 911
Labial agglutination, 303, 305
Laboratory evaluation, GH testing, 72

Lactate, 554
in fetal blood, 18
production, 557
pyruvate, 600

Lactation, 21
Lactic acid, 672, 809

in urine, 810
Lactic acidema, 557, 805
Lactic acidosis, 554, 638, 806, 809
Lactic/pyruvate (L/P) molar ratio, 809
Lactose-free formula, 587
Lactose-intolerance, 535
Langer, mesomelic dysplasia, 122, 248
Langer-Giedion syndrome, 122
Langerhans cell histiocyosis, 762
Langer-Saldino, achondrogenesis, 120
Lantreotide, 135
Laparoscopy, 196, 341
Laparotomy, 298
Laron syndrome, 64, 66, 69, 585
Larsen syndrome, 123, 126
Laryngeal nerve, 469
Laryngeal stridor, 453
Laryngospasm, 475, 495
LASER therapy, 625
Lasix, 912
Late bloomers, 10
Late onset 3�-HSD deficiency, 287
Late onset 11�-hydroxylase deficiency,

287
Latent hypoparathyroidism, 449
Later-onset MAD deficiency, 596
LATS, 700
Laurence-Moon-Bardet-Biedl syndrome,

228, 230, 234, 339, 613, 836
LBW (see Low-birth-weight and IUGR)
LCHAD, 595, 800

deficiency, 596, 800, 802–803, 804
-deficient patients, 800

LDH, 202
LDL (see Low-density lipoprotein)
L-Dopa, 34

stimulation test for GH secretion,
943

LDS (lipodystrophy syndrome) in chil-
dren, 880

Lead, excess, 22
Lead blood levels, 22
Lean body mass, 836
Lean mass, 829
Leber’s hereditary optic neuropathy, 809
Legg-Calve-Perthes disease, 75, 122, 824
Leigh syndrome, 806, 808–809
Length and weight for age, boys, birth to

36 months, 987
Length and weight for age, girls, birth to

36 months, 977
Length quartiles of infants breastfed at

least 12 months, 975
Lep gene expression, 834
Lep gene mutations, 834
Leprechaunism, 290, 293, 612
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Leptin, 17, 832, 835, 846, 847, 848
deficiency, 847
desensitization, 848
in energy homeostatsis, 833
in infants, 17
mRNA, 834
production, 834
resistance, 834
secretion, 834
transgene, 834
treatment, 833–834

Leptin/proleptin receptor gene, 292
Leri Weill syndrome, 9, 533
Leri-Weill dyschondrosteosis (LWD), 248,

532
Lethal chondrodysplasia, 531
Lethality of X chromosome monosomy in

utero, 246
Leucine, 672

degradation, 591
in IVA, 797
metabolism, 562
sensitive hypoglycemia, 561

Leukemia, 47, 75, 530, 865, 867, 869,
871

risk factors, 76
Leukemic patients, 868
Leukodystrophy, 808
Leuprolide depot, 299
Levothyroxine, 352
Leydig insulin-like protein, 340
Leydig cells, 214, 233, 319, 324, 328,

703, 870
aplasia, 336
aplasia/hypoplasia, 328
atrophy, 884
function, 229, 870
testosterone secretion, 220
tumors, 166, 221, 227, 739, 738

LH (see Luteinizing hormone)
LH receptor, 220

gene, 304
gene mutation, 303
mutation, 220

LH/FSH ratios, 212
LH/hCG receptors, 324
LH/hCG receptor gene, 292
LH:FSH ratio, 221
LHA-loci, 692
LH-hCG, 936
LH-releasing hormone (LHRH) stimula-

tion test, 867
LHRH (see luteinizing hormone-releasing

hormone)
LH-secreting adenoma, 215
LHX3, 48, 56
Lhx9, 320
Lichen sclerosus, 259, 263

of the vulva, 264
Lichenoid papular lesions, 198
Licorice-induced hypertension, 170, 906
Liddle syndrome, 900–901, 903, 905, 907

Li-Fraumeni syndrome, 725, 735
Light-dependent activity of the pineal

gland, 17
LIM-1, 320, 321
Limb lengthening, 129

dwarfed children, 130
Limited elbow extensibility, 68
Limited joint mobility (LJM), 619, 620
Linear IgA disease, 689
Linear growth, 25, 32, 827
Linear nevus sebaceous syndrome, 524
Linking CPT and ICD coding, 960
Linuron, 325
Lipase, 671
Lipid infusion, 565
Lipid profiles, 638
Lipid Research Clinics Program (LRCP),

860
Lipoatrophic diabetes, 612, 613
Lipoatrophy, 621
Lipodystrophy, 884, 887
Lipodystrophy syndrome, 879
Lipogenesis, 835–836
Lipohypertrophy, 601, 621, 666
Lipoic acid, 810
Lipoid adrenal hyperplasia, 157
Lipolysis, 576, 579, 585, 670–671, 837

GH, 74
Lipomas, 721
Lipoprotein, 664

abnormalities, 633
glycation, 633

Lipoprotein lipase, 90, 837
deficiency, 750
levels, 847

Lipotoxicity, 614
Lipoxygenase pathway, 485
Lispro, 655
Lissencephaly X linked syndrome, 335
Lithium, 400, 768, 775
Lithium treatment, 367
Little People of America, 35
Liver disease, 530, 591, 846
Liver glycogen stores, 562
Liver-heart transplantations, 863
Liver phosphorylase system, 589
LJM (see Limited joint mobility)
LmxaB, 128
Log on/log off, 924
Lomustine (CCNU), 869
Long-acting insulin analogs, 656
Long-acting protamine zinc insulin, 622
Long-acting somatostatin analog, 723
Long arm isochromosomes, 247
Long chain acyl-CoAs, 799
Long-chain acyl-CoA-dehydrogenase, 595

deficiency, 563
Long-chain 3-hydroxy-acyl-CoA-dehydrog-

enase, 801
Longitudinal progression of body weight

and height, 26
Long term effects of IUGR, 20

Loss of awareness of hypoglycemia,
626

Low-birth-weight (LBW), 16, 32, 503,
547, 876

AGA neonate, 555
infants, 472, 505
neonates, 541, 557, 564

Low birth weight babies, 353
Low-carbohydrate diet, 842
Low-carbohydrate-high fat diets, 658
Low-density lipoprotein (LDL), 859

cholesterol, 861, 862, 920
particles, 863
receptor gene, 861
receptors, 861

Low-dosage ACTH stimulation test,
948

Low-dosage cranial irradiation, 865
Low-dosage irradiation, 868
Low-dose estrogen therapy, 245
Low-dose insulin therapy, 676
Lower birth weight, 629
Lower body obesity, 830
Lower socioeconomic groups, 22
Lowe syndrome, 524
Low-fat diets, 841, 842
Low-fat meals, 842
Low gonadotropin, 229

levels, 232
Low-glycemic-index diet in the treatment

of childhood obesity, 842
Low-phosphate intake, 502
Low-phosphors formula, 496
Low-protein diet, 624
Low-renin hypertension algorithm, 903
Low-renin hypertension, 178, 900, 901,

906
Low-sodium diet, 154
Low weight for height, 68
Lp deletions, 201
LRCP (see Lipid Research Clinics Pro-

gram)
L-thyroxine, 360, 366, 398, 399, 400

replacement therapy, 367, 397
therapy, 397, 403

Lugol’s solution, 354
Lumbar gibbus, 118
Lupus erythematosis, 269, 696
Luteal phase, 302
Luteinized theca cells, 293
Luteinizing hormone (LH), 92, 137, 211,

212, 214, 216–217, 223–224,
228–230, 232–233, 243, 258, 325,
353, 839

chorionic gonadotropin (CG) receptor,
364

and FSH responses to GnRH stimula-
tion, 220

receptor mutations, 233
releasing hormone, 258
response, 221
secretion, 282
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Luteinizing hormone-releasing hormone
(LHRH), 13, 156, 181

analog therapy, 871
analog treatment, 298
(GnRH) stimulation test, 297
stimulation, 291, 297
stimulation test, 298
test, 168

Luteoma of pregnancy, 333, 334
17,20-Lyase and steroidogenic acute regu-

latory protein, 175
Lymphadenopathy, 394
Lymphedema, 239, 241
Lymphocytic hypophysitis, 61, 704, 762
Lymphocytic infiltration of the thyroid

gland, 360
Lymphocytic infundibuloneurohypophysi-

tis, 763
Lymphocytic leukemia, 233
Lymphocytic thyroiditis, 359, 410
Lymphoid hyperplasia, 77
Lymphokines, 690
Lymphoma, 393–394, 865, 881
Lymphoreticular malignancy, 15
Lysine vasopressin, 766
Lysinuric protein intolerance, 788, 802
Lysosomal storage diseases, 127, 534

Macrobiotic diet, 503–504
Macrocephaly cataracts syndactyly, 925
Macroglossia, 563
Macro-orchidism, 363
Macrosomia, 559

babies, 583
infants, 831

Macrovascular disease, 626, 658
MAD, 802

deficiency, 595, 800, 802
Madelung’s deformity, 9, 122, 242, 248,

534
Magic, 35
Magnesium (Mg), 429, 430, 475, 482,

493, 495, 678, 844
deficiency, 29, 455
depletion, 432, 442, 678
supplementation, 678

Magnetic resonance imaging (MRI), 34
Majewski, 118
Major histocompatibility complex (MHC),

683
Malabsorption, 29, 502, 601

Mg, 492
Malar hypoplasia, 15
Male differentation, 321
Male familial gonadotropin-independent

puberty, 223
Male hypogonadism, 435, 530
Male pseudohermaphroditism, 325, 328,

332
Male sexual ambiguity, 293
Male sexual differentiation, 325
Malignancies, 527

Malignant
adrenal tumors, 165, 735
diseases, 865
infantile osteopetrosis, 492, 493
neoplasms, 203
osteoporosis, 530
pheochromocytoma, 197
vaginal tumors, 266

Malnutrition, 16, 28, 66, 230, 304, 365,
879

Malonic aciduria, 794, 795
Malonyl CoA, 671
Mammoplasty, 138
Management of neonatal hypercalcemia,

501
Management of neonatal hypocalcemia,

496
Management of Turner syndrome, 249
Mandibular hyperplasia, 77, 242
Manganese, 526
Mannitol, 680, 846
MAO (see Monoamine oxidase)
Maple syrup urine disease (MSUD), 563,

582–583, 591, 597–599, 811
Marcrosomia, 598
Marfanoid habitus, 139, 198, 407, 408
Marfan syndrome, 134, 138, 142, 198

clinical manifestations of, 138
Marijuana, 226–227, 601
Markedly elevated estrogen levels, 217
Mascotism, 35
Masculinization, 215, 277

prepubertal children, 166
Masculinized external genitalia, 902
Mass-based units, 935
Massive lymphedema, 241
Master gland, 47
Mastocytosis, 530
Mastoiditis, 242
Masturbation, 223
Maternal

a-fetoprotein, 239
age, advanced 239
androgens, 333
deprivation in Rhesus monkeys, 62
diabetes, 481, 630
hypercalcemia, 493, 498, 558
hyperparathyroidism, 432, 442, 451,

493
hypomagnesemia, 493
hypoparathyroidism, 503
hypothyroidism, 347, 367
imprinting, 752
imprinting of X chromosome, 246
infection, 617
mineral metabolism, 504
nutritional deprivation, 555
nutritional osteomalacia, 503
parity, 16
short stature, 16
treatment with Mg sulfate, 503
TSH-receptor blocking antibodies, 350

[Maternal]
undernutrition, 629
vitamin D status y,497
vitamin D, 492
weight, 831

Matrix collagenopathies, 532
Maturity onset diabetes of the young

(MODY), 612, 614, 631, 751
Maturity onset diabetes in youth (MODY-

2), 580
Mauriac syndrome, 622, 838
Mayer-Robitansky-Kuster-Hauser syn-

drome, 232, 303, 305
MCAD, 800, 802

deficiency, 595, 804
McCune-Albright polyostostotic fibrous

dysplasia, 532
McCune-Albright syndrome, 133–134,

215–217, 223, 257, 522, 524, 533,
735, 751

McKusick type (cartilage-hair hypoplasia),
121

MCT, 863
MDI (see Multiple daily insulin injections)
Meal frequency, 22
Meal frequency gorging, 836
Mean height and SD

boys, 2–18 years, 995
girls, 2–18 years, 985

Measles, 617
Measurement of neonatal glucose concen-

tration, 546
Measurement of shoulder-to-elbow length

(SE), 1001
Medications to supress appetite, 845
MEDLINE, 923, 925
Medium-chain acyl-CoA-dehydregenase,

788, 801
Medium-chain 3-ketothiolase deficiency,

801
Medium-chain triglycerides, 595, 804
Medroxyprogesterone, 223, 234

acetate, 251
Medullary carcinoma, 473, 486
Medullary cystic disease, 768
Medullary thyroid cancer, 356, 407
Medullary thyroid carcinoma (MTC), 197,

203, 402, 410–411, 413, 416, 722,
724

Medulloblastoma, 867, 871
Meekel Gruber syndrome, 335
Mefenamic acid, 308
Megabladder, 768
Megalin (GP330), 698
Megaloblastic anemia, 704
Megesterol acetate, 886
Meglitinide/Repaglinide, 638, 639
Melanin, 487
Melanocortin-4 receptor, 833
Melanocyte or tyrosinase autoantibodies,

706
Melanocyte-stimulating hormone (MSH),

48, 833
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Melanoma, 75, 407
Melanotic cutaneous macules, 216
Melatonin, 17
Melnick-Needles
Melphalan, 869
MEN (see also Multiple endocrine neopla-

sia)
syndrome, 197
syndromes, types 1 and 2, 721
type 1, 741

MEN 1, 197, 203, 473, 721–722, 725,
751

gene, 721, 725, 727
syndromes, 723

MEN 2, 197, 417, 473, 722–724, 751 (see
also Multiple endocrine neoplasia
type 2)

related pheochromocytoma, duplication
of mutant RET in trisomy 10 in,
197

related pheochromocytomas, 198–199
syndrome, 724

MEN 2A, 198, 407, 411–412, 414, 417,
722, 724

associated with cutaneous lichen amy-
loidosis, 197

or familial medullary thyroid carcinoma
associated with Hirschprung’s dis-
ease, 197

cutaneous lisions, 198
MEN 2B, 198, 407–408, 411, 412, 722,

724
RET mutations, 415

Menarche, 182, 212, 222, 224–225, 232,
243, 258, 269, 294, 301, 305, 825

Meningiomas, 60
Meningitis, 160
Meningitis or encephalitis, hypopituita-

rism, 61
Meningococcemia, 159
Menometrorrhagia, 234, 302, 305

polymenorrhea, 306
Menopausal effect, 840
Menopause, 741
Menorrhagia, 268, 270, 272, 302
Menses, 224, 247
Menstrual

bleeding, 364
cycle of hormonal follicular and endo-

metrial changes, 302
disturbance, 729
dysfunction, 285
irregularity, 287, 294
periods, irregular 839

Menstrual disorders, 182, 277, 284, 288–
289, 293, 295, 297, 301

in adolescents, 301
causes of 302
evaluation of 305, 306
medical treatment of, 307

Menstruation, 211, 232, 257
Mental retardation, 230, 245, 363

Meridia, 846
Mesodermal adrenal cortex, 147
Mesomelic, 120, 126
Mesomelic dysplasia, 122, 531

Robinow, 122
Mesonephric duct remnant carcinoma, 268
Metabolic

alkalosis, 162, 178
balance studies, 841
bone disease, 474, 517
control, 654
crisis, 804
disturbances, 653
disturbances of diabetes, 653

effects of GH and IGF-I, 54
efficiency, 836, 847
and genetic disorders intrinsic to the

skeleton, 526
pathway of the branched-chain amino

acid catabolism, 796
phenotype, 847
rate, 27, 28, 837, 841
syndrome, 632, 900

Metabolic acidosis, 99, 203, 557, 589,
595, 598, 670, 672, 792, 797, 805,
809, 812

mechanism of, 672
Metabolism of vasopressin, 763
Metacarpal shortening, 8
Metaiodobenzylguanidine, 196

therapy, 197
Metanephrines, 193–195, 197–198, 203

plasma free, 195
Metaphyseal chondrodysplasia, 121
Metaphyseal dysplasia, 113, 115, 121,

128, 531
Metastatic calcification, 496, 500
Metastatic MTC, 198
Metastatic pheochromocytoma, 195–197,

199
Metatropic dysplasia, 113, 118, 126, 127–

128, 531
Metformin, 299, 300, 636, 638–640, 846

hydrochloride, 298
treatment, 846

Methimazole, 354, 400, 700
Methionine, 140
2-Methyl acetoacetic aciduria, 794
2-Methyl-acetoacetyl-CoA thiolase succi-

nyl-acetoacetate-CoA lyase defi-
ciency, 793

3-Methylcrotonyl CoA carboxylase defi-
ciency, 598

3-Methyl crotonylglycinuria, 794
Methylephedrine, 918
Methylglutaconic acid, 809
3-Methyl glutaconic aciduria

type I, 794
type III and IV, 795

2-Methyl-3-hydroxybutyric aciduria, 794
Methylmalonic academia (MMA), 563,

582–583, 591, 599, 750, 788, 792,
793, 794, 797

Methylmalonyl-CoA mutase, 591, 792
Methyl-para-tyrosine, 196
Methyl-testosterone, 12, 231
Metoclopramide, 626
Metolazone, 912
Metopirone (metyrapone), 161, 166
Metoprolol, 196, 910
Metyrapone (metopirone) tests, 152, 950
Metyrosine, 196, 908
Mevalonic aciduria/hyper-IgI, 795
Mexican-American groups, 628, 631
Mg2�, 426–427, 455, 488

deficiency, 455, 488, 493,497
depletion, 451, 492

MHC (see Major histocompatibility com-
plex)

MHC Alleles, 686
MIBG (see Metaiodobenzylguanidine)
Microalbumin, 664
Microalbuminuria, 623–624, 637, 664–

665
Microaneurysms, 624
Microbrachycephaly, 15
Microcephaly, 441
Micromelia, 15
Micronutrient intakes, 32
Micronutrients, 24
Micro-orchidism, 441
Micropenis, 160, 325, 328, 338, 340
Microphallus, 353, 585, 598

perinatal axphyxia, 56
Microphthalmos, 441
Micropremie, 541, 547
Microvascular complications, 622, 691

with and without limited joint mobility,
621

Microvascular (MVC) disease, 618, 620
Microvillus membrane, 429
Micro X-chromosome abnormality, 307
Midfacial cleft, 228
Midline cranial defects, 90
Midline facial defects, 230, 233, 598
Mid-parental height, 3, 5–6, 68

target, 67, 96, 245
Midparental and target height, 34
Miglitol, 639
Migraine headache, 195
Mild growth hormone secretory dysfunc-

tion, 245
Mineral deficits, 841
Mineral homeostatis, 421
Mineral reabsorption, 425
Mineralocorticoid deficiency, 155, 159

caused by mutations of CYP11B2 gene,
158

Mineralocorticoids, 175
(type I glucocorticoid) receptor, 760
administration, 770
excess, 901
receptor, 151, 162, 170
replacement therapy, 158, 163
secretion, 154
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Minnesota Heart Health Program, 636
Minoxidil, 910
Miscarriage, 259, 869
Mithramycin, 722
Mitochondria, 808
Mitochondrial

autoantibodies, 706
beta oxidation, 801
DNA depletion, 788
encephalomyopathy, 809
FAO, 799
oxidation, 799
oxidative phosphorylation, 562
trifunctional protein, 801

Mitogen-activated protein kinases (MAPK)
in GHR, 50

Mixed connective tissue disease, 690
Mixed FTT, 21
Mixed gonadal dysgenesis, 233, 248, 304
MMA (see Methylmalonic acidemia)
MNGIE (see Myoneurogastrointestinal en-

cephalopathy)
MODY (see Maturity-onset diabetes of the

young)
MODY-2 (see Maturity onset diabetes in

youth)
Molecular mimicry, 688
Mondini cochlea, 401
Monitoring of blood glucose, 680
Monitoring requirements, 661
Monoamine oxidase (MAO), 193, 201
Monosaccharide intolerance, 590
Monosomy 22q11.2, 432, 439–440

syndrome, 438
Monosomy of 22q11 and monosomy 10p,

451
Monounsaturated fat, 658–659
Monozygotic twins, 617, 832

type 1 diabetes, 631
Morbidly obese children, 844
Morbid obesity, 827, 836, 848

pattern of growth, 828
Morgan’s folds, 262
Moribund state, 669
Morquio syndrome, 113, 126, 128
Morsier syndrome, 160
Mortality, 32
Mosaicism, 750
Mosaicism chimerism, 327
Mosaicism of 45,X cells, 239
Mosaicism or X structural abnormalities,

247
MPHD (see Multiple pituitary hormone

deficiency)
MRI, 73, 830–831

with and without gadolinium contrast,
135

MSH (see Melanocyte-stimulating hor-
mone)

MSUD (see Maple syrup urine disease)
MTC, 198, 203
Mucocutaneous candidiasis, 160, 450, 703,

705, 707

Mucolipidoses, 34, 113
Mucopolysaccharidoses, 34, 113, 532, 534
Mucosal neuromas, 198
Mulibreynanism, 442
Mullerian ducts, 178, 321–322
Mullerian inhibiting factor, 178, 323
Mullerian inhibiting hormone, 214
Mullerian structure, 305
Mullerian tubercle, 321
Mullerian and Wolffian ducts, 320
Multifocal motor neuropathy with conduc-

tion block, 689
Multi-National Project for Childhood Dia-

betes (DiaMonde), 614
Multiple acyl CoA dehydrogenase defi-

ciency, 598, 801
Multiple

daily insulin injections (MDI), 657
endocrine neoplasia syndrome (MEN),

197, 721, 750
endocrine neoplasia type 1 (MEN-1),

134
endocrine neoplasia type 2 (MEN-2),

407
endocrine neoplasia 2A (Sipple syn-

drome), 197
endocrine neoplasia 2B, 198
endocrine neoplasia type IIB, 356, 402
epiphyseal dysplasia, 88, 116, 120, 126,
exostoses, 128, 751
lentigines syndrome, 228
micronutrient deficiencies, 32
myeloma, 498
pituitary hormone deficiencies, 71, 585
pituitary hormone deficiency (MPHD),

POU1F1, Pit-1, 56, 73
Multiple sclerosis, 689
Multiple X and Y syndromes, 229
Mumps, 617

oophoritis, 303–304
Muscle

biopsy, 810
mass, 847
strength, well-being in, 74
wasting, 164

Muscular dystrophy, 527
Muscular hyperactivity, 788
Mutation

of beta-TSH, 350
of calcium-sensing receptor, 493
of CaR, 498
in the FSH receptor gene, 233
inactivating PAX-8, 350
inactivating TSHR or NIS, 350
inactivating TTF-2, 350
of the POU1F1 gene, 927
of (PROP)PIT-1, 350
of the PTH/PTHrP receptor, 498
of SRY, 327
of the TRH receptor, 350

Myasthenia gravis, 396, 689–690, 705
MYCN amplification, 202

MYCN tumor oncogen, 200
Myelodysplasia/leukemia, 203
Myelomeningocele, 88, 102, 88
Mykrox, 912
Myocardial infarction, 669, 835, 861
Myoclonic epilepsy, 809
Myoclonus, 398
Myoglobinuria, 594, 802
Myoinositol, 625
Myoneurogastrointestinal encephalopathy

(MNGIE), 809
Myopathy, 432, 518, 588, 594, 705

muscular hypertrophy, 364
Myophosphorilase deficiency, 802
Myopia, 126
Myotonic dystrophy, 228, 613
Myxoedema, 359
Myxomas, 407

N-acetylaspartic aciduria, 795
N-acetylglutamate synthetase deficiency,

788
Nadolol, 910
Na�-Ca2� exchanger, 426, 427
NADPH, 148
NAGS, 789
Na�/H� antiporter pump activity, 679
Na�,K�-ATPase, 426, 760
Naproxen, 308
Narcotic use, 492

mothers, 495
Na� reabsorption, 426
Nasal insulin, 696
Nasal septal aplasia, 54
Nasal spray, 767
Nasopharyngeal carcinoma, 60
National Center for Health Statistics

(NCHS), 829
National Center for Health Statistics’

Health and Nutrition Examination
Survey, 828

National Child Health Survey (NCHS),
823

National Cooperative Growth Study
(NCGS), 75

National Cooperative Growth Study, 47
National Health Examination Surveys,

NHANES I, II and III, 2
National Health and Nutrition Examina-

tion Survey (NHANES), 16, 213,
829

National Heart, Lung, and Blood Institute
(NHLBI) Task Force in Blood
Pressure Control, 895

National Hormone and Pituitary Program
(NHPP), 87, 92

National Pituitary Agency, 92
Native-Americans, 633
Natriuresis, 760–761
Natriuretic peptide (ANP), 760
Natural killer (NK) cells, 686
Natural selection, adult/ male heights, 2
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Nature, 21
N-carbamyl glutamate, 792
NCGS (see National Cooperative Growth

Study)
NCHS website, ICD-10, 960
NCHS (see National Child Health Survey)
Neck mass, 402
Neck webbing, 242
Necrobiosis lipoidica diabeticorum, 620
Necrotizing enterocolitis, 496
Necrotizing migratory erythema, 723
NEFA (see Nonesterified fatty acids)
Neglect, 22, 35
Neoendocrine autoimmune diseases, 704
Neonatal

ALD, 158
brain, 554
calcium and phosphorous disorders, 481
euglycemia, 541
glucose homeostasis, 542, 550
glucose utilization, 551
hypercalcemia, 500
hyperinsulinemia, 568
hyperinsulinemic syndrome, 554
hyperparathyroidism, 470, 498, 701
hypocalcemia, 443, 491–492, 494, 497,

542, 546, 554, 558, 563–564
hypophosphatemia, 501
lactic acidemia, 810
morbidities associated with the infant of

the diabetic mother, 559
plasma glucose, 541
rickets, 518
sepsis, 558
serum iCa, 495
tetany, 437
thyroid screening, 361
TSH surge, 347

Neonates with OA, 789
Neoplastic disease, 530
Nephrocalcinosis, 473–475, 496, 499, 501,

536, 586, 909
Nephrogenic diabetes insipidus, 763–764,

767, 769, 772, 775
treatment, 768

Nephrogenic SIADH, 771
Nephrogenous c-amp, 470
Nephrolithiasis, 474–475, 496, 536, 721
Nephropathic cystinosis, 362
Nephropathy, 594, 618, 623, 691
Nephrotic syndrome, 353, 769
Nephrotoxicity, 769
Nerve growth factor (NGF), 728

diagnosis of, 25
endocrine adaptation, 29
growth hormone deficiency, 29
growth pattern, 25
non-organic causes, 30
pathophysiology, 28

Nesidioblastosis, 161, 561, 730, 740, 742
morphological patterns, 740

Nesidiodysplasia, 740

Netscape Communicator, 924
Neural crest tumors, 907, 909
Neural tumors, 203
Neuroblastoma, 193, 199–201, 530, 865,

900
diagnosis and localization, 201
screening, 203
staging, 201
treatment, 202

Neuroblastoma Response Criteria, Interna-
tional 202

Neuroblastoma Staging System, Interna-
tional (INSS), 201

Neurocognitive impairments, 601
Neurodevelopmental deficit scores, 545
Neurodevelopmental disorders, 21
Neuroendocrine

dysfunction, 87
pancreatic tumors, 199
tumors, 193

Neuroepitheliomas, 201
Neurofibromatosis, 133, 215

type 1 (NF1), 199
Neurogenic diabetes insipidus, differential

diagnosis, 763
Neuroglycopenic symptoms, 600
Neurohypophysis, 47, 755
Neurological

deterioration, 792
and developmental disabilities, 16
function, 603
sequelae, 603

Neuron-specific enolase, 202
Neuropathy, 618–619, 625
Neuropeptide Y (NPY), 50, 833
Neurophysin, 755
Neurophysin I, 704
Neurophysin II, 704
Neurophysiological

definition of hypoglycemia, 545
deficit, 871
test, 246

Neurosecretory
dysfunction, 29
GH deficiency, 92
growth hormone dysfunction, 34

Neurosurgery, 775
Neurotic, 35
Neurotransmitter metabolism, 840
Nevi, growth of, 75
Newborn screening, 812
Newborn screening programs, 348
New Castle study in England, 3
NF, 200
NF1 (see Neurofibromatosis type I)
NGF (see Nerve growth factor)
NHANES III (see National Health and

Nutrition Examination Survey)
NHANES III, 832
NHPP (see National Hormone and Pitui-

tary Program)
Nicotinamide, 617, 702

Nicotinamide Intervention Trial (ENDIT),
696

Nicotine, 758
Nicotinic acid, 612
NIDDM (see Noninsulin-dependent diabe-

tes mellitus)
Nievergelt type, mesomelic dysplasia, 122
Nifedipine, 585, 910–911
Nitric oxide synthase, 770
Nitrogen retention, 28
Nitroprusside, 908
Nitrosamine, 617
Nocturia, 665, 767
Nocturnal growth hormone (GH)

concentrations, 73
secretion, 15
secretion rates, 245

Nocturnal hypoglycemia, 601–602, 655
Nodular goiter, 402
Nodular hyperplasia, 169
Nodular thyroid disease, 408
Nodular thyromegaly, 393, 402
NOFTT, 21
Noggin, 128
Nomogram

for determination of renal threshold Pi
concentration, 427

for the prediction of adult height from
the height and age at menarche,
986

relates baseline to ACTH-stimulated se-
rum concentrations of 17-hydroxy-
progesterone (17-OHP), 185

Nonclassic congenital adrenal hyperplasia,
285

Nondiabetic ketoacidosis, 674
Nonendemic cretinism, 359
Nonendocrine vaginal bleeding, causes of

258
Nonesterified fatty acids (NEFA), 671, 802
Non-GHD IUGR children, 98
Non-GH-deficient, 96

short children, 76
Nongoitrous hypothyroidism, 367, 698
Non-growth-hormone dependent growth

factors, 134
Non-Hodgkin’s lymphoma, 407
Nonhormonal causes of vaginal bleeding,

258
Nonhormonal vaginal bleeding, causes of

271
Noninsulin-dependent diabetes mellitus

(NIDDM), 16, 20, 611, 631, 691,
831

Nonketotic hypoglycemia, 561, 597
Nonmedullary thyroid cancer, 414
Nonmedullary thyroid carcinoma, 407
Nonmosaic male karyotye, 325
Nonnutritive sweeteners, 846
Nonobese (BMI <25 kg), 825
Non-organic FTT, 20
Non-organ-specific autoimmune disorders,

690
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Nonosmotic regulation, 757
Nonoxidative disposal of glucose, 547,

553
Nonpancreatic tumor hypoglycemia (IGF-

II), 582
Nonprogressive precocious puberty, 214,

225
Nonsuppressible euthyroidism, 395
Nonthyroidal illness (NTI) syndrome, 365
Nonthyroidal masses, 394
Non-toxic (simple) goiter, 393
Nontraditional inheritance of endocrine

disorders, 749
Non-vitamin-D-dependent mineral, 517
Noonan syndrome (NS), 88, 97–98, 228,

233, 339
Norepinephrine, 150, 93, 195, 201, 487,

557, 559, 838
Norethindrone, 234, 307, 333
Normal

blood pressure, 895
female development, 212
females of all menstrual cycles, 296
growth, 2, 658
growth rate, 227
male development, 212
pattern, growth, 4
puberty, 225
short patients, 3
variance short stature, 3
weight, 31

Normetanephrine, 193
assay, 195

Normocalcemia, 447, 575, 678
Normoinsulinemic obesity, 844
North American Diabetes Prevention Trial

1 (DPT-1), 616
Nourishing, 22
No-vitamin D infant milk formula (Calcilo

XD), 501
NPR-A receptor, 761
NS (see Noonan’s syndrome)
NTI syndrome, 365, 367
NTRK-1, 413
Nuchal cystic hygromas, 241
Nuclear pyknosis, 203
Nurse educator, 660
Nurses’ Health Study, 20
Nurture, 21, 22
Nurturing influencing somatic growth, 22
Nurturing practices, 22
Nutrient

absorption, 846
composition, 844
intake, 839, 841
utilization, 835

Nutrient-poor foods, 848
Nutritional Growth Retardation (NGR), 34
Nutritional, 99

alterations, 29
deficiency, 503
dwarfing, 5, 826–827

[Nutritional]
growth retardation, 5, 25
guidelines for IUGR, 16
insufficiency in NGR, 27
intake, 13
metabolic osteoporosis, 530
recommendations, 658
rehabilitation, 21, 24, 26, 29
support, 29
treatment of fatty acid oxidation defects,

804
Nutritional rickets, 518–520, 534

biochemical abnormalities in 520
X-ray findings, 519

Nutritional status, 34, 233, 827
biochemical parameters of, 26
IGFBP-I, IGFBP-2, 52
of the mother, 16

Nutritionally balanced diet, 847

OA, treatment, the acute episode, 796
Ob gene, 17
Obese

adolescents, 837
adults, 823
children, 836, 843, 845, 846, 847
hirsute females, 294
infants, 823
(Lep) gene, 832
parents, 823, 832, 841, 848

Obesity, 5, 26, 31, 133, 230, 245, 289–
291, 298, 362, 628, 630, 632,
635–636, 671, 726, 736, 823,
827, 831, 834–835, 838, 840, 846,
848

association with short stature, 31
in childhood, 614, 823
degrees of, 828
growth, 838
hormonal alterations in, 838
hyperphagia, 60
mild (BMI 25–29), 825
morbidity, 824
in PCOS, 291
programs, 826
in teenagers, 832
treatment, 839, 845
treatment modalities, 840
treatment programs for children, 843

Obesity-related health disorders, 824
Oblob mice, 833, 834
Obstructive sleep apnea, 633, 825
Occult celiac disease, 30
OC deficiency, 811
Octreotide, 135, 142, 203, 566–567, 585,

723, 729–730, 840, 846
scintigraphy, 196
therapy, 197

Ocular disease, 434
Odontohypophosphatemia, 525
Odontoid hypoplasia, 126
OGTT, 612

21-OH, 751
deficiency, 296

3OHB/AcAc ratio, 809
3-OH-butyrate (3OHB), 809
4-OH butyric aciduria, 795
25 OHD, 424, 454, 487, 504, 505
1 �-(OH)D3, 425, 454–455
1,25-(OH)2D, 424, 483, 484, 487, 489,

492, 498, 504–505
25,26(OH) 2D, 487
24,25-(OH)2D3, 424, 429, 487, 490
11�-OH deficiency, 563
1,25(OH)2D y, 497
3-OH 3-methyl glutaric aciduria, 794
18-OHDOC, 881
3-OH isobutyric aciduria, 794
3-OH-isovaleric acid, 793
OI (see Osteogenesis imperfecta)
OI congenital, 528 (see also Osteogenesis

imperfecta)
clinical features, 528
inheritance, 528
tarda, 528
types, 528

Olfactory bulb hypoplasia, 230
Olfactory placode, 230
Oligodactyly, 15
Oligomenorrhea, 181, 226, 288–290, 298,

302, 305, 825
amenorrhea, 77

Oligospermia, 137, 181
Ollier syndrome, 751
OMIM (see Online Mendelian Inheritance

in Man)
OMIM database, 924
Omphalocele, 340, 563
Oncocytic cell thyroid carcinoma,

412
Oncogene (PRDALCylin D1), 471
Oncogenes, 726
Oncogenic effect of hGH treatment, 871
1� (insulin promoter factor-1), 691
One Touch meter, 546
Online information service, 924
Online Mendelian Inheritance in Man

(OMIM), 526, 534, 905, 923, 925,
928, 931

Oocyte
donation, 244
formation, 243

Oophertitis, 305
O,p-DDD, 166
Ophthalmoplegia, 809
Opioid peptides, 211
Opiz-Frias syndrome, 332
Oplymenorrhea, 288
Opsismodysplasia, 128
Opsoclonus-myoclonus syndrome, 201,

689
Optic atrophy, 434
Optic chiasm glioma, 133
Optic glioma, 867
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Optic nerve hypoplasia, 353, 598
Optic neuropathy, 631
Optimal body composition, 23
Oral

androstenedione, 920
Ca, 496
contraceptive preparations, 252, 259,

269
fluid intake, 680
furosemide therapy, 474
glucose tolerance tests (OGTT), 246
hypoglycemic agent, 638
hypoglycemics, 771
insulin, 654
motor dysfunction (OMD), 19, 21
papillomatosis, 407
and topical hypertensives, 910

Oral-facial-digital syndrome, 335
Orchidopexy, 341, 738
Orchiectomy, 333
Organ of Zuckerkandl, 194
Organic acidemia (OA), 583, 597, 788,

792, 794, 811–812
Organic acids, 597, 600

analysis (UOA), 789, 793
Organic causes of NGR, 29
Organic FTT, 20
Organ-specific autoimmune disorders, 689
Organ vasculosum of the lamina termin-

alis (OVLT), 756
Orlistat, 846
Ornithine transcarbamylase (OTC), 788,

789, 792
deficiency, 155, 788

Orotic acid, 789
Orthostatic hypotension, 196
Orthostatic proteinuria, 624
Osetocalcin, 33
Osmolarity, 679
Osmotic

diuresis, 671–673
and nonosmotic stimuli for vasopressin

release, 758
regulation, 756
sensor, 755

Osteitis fibrosa cystica, 448, 721
Osteoarthritis, 120
Osteoblasts, 33, 527
Osteocalcin, 90, 101, 425
Osteochondrodysplasia, 114
Osteoclast activity, 493
Osteoclastic resorption of bone, 484
Osteodysplastic slender bone group, 531
Osteodysplasty (Melnick-Needles), 125
Osteogenesis imperfecta (OI), 113, 126,

527–528, 536, 750–751
types I-IV, 532
type 1, 116, 123
type 2, 115, 123, 128–129
type 3, 123
type 4, 124

Osteolyses, 114, 531

Osteomalacia, 32, 164, 481, 488, 535, 846
Osteonecrosis of bones, 124
Osteopenia, 68, 98, 123, 243, 474, 481,

504–505, 526–530, 619
of anorexia, 529

Osteopetrosis, 536
Osteopoikilosis, 125
Osteopontin, 425
Osteoporosis, 139, 481, 486, 526–527,

529–531, 534, 622, 736, 793
in childhood, 527
fractures, 529
syndromes in childhood, 526

Osteoporosis-pseudoganglioma syndrome,
527

Osteoprotegerin ligand, 471
Osteotomies, 129
Ostetitis fibrosa, 447
Ostoclasts, 428
Ostrogenic cells, 248
OTC (see Ornithine transcarbamylase)
Otitis media, 242
Otopalatodigital syndrome type II, 119
Outpatient management of diabetes, 635
Ovarian

adrenal androgens, 296
aromatase (CYP19) deficiency, 293
atrophy, 435
causes of excess androgen production,

289
cysts, 217, 225, 258, 407
determination, 319
estrogen, 217
failure, 232–233, 243, 247, 249, 302,

304, 591, 703
follicular cyst, 225, 258
hyperandrogenism, 225–226, 291, 298,

631, 638
hyperstimulation, 729
hyperthecosis, 291, 304–305
17�-ketosteroid reductase, 293
17-KSR deficiency, 298
neoplasms, 258
steroidogenesis, 282, 291, 301
steroidogenic function, 294
testosterone secretion, 291
transposition, 869
tumor, 226, 259, 298, 739
type II 3-HSD deficiency, 293
ultrasound, 224

Ova maturation, 211
Ovarian androgen, 290

producing tumors, 285, 293, 297
production, 284
secretion, 280
synthesis, 839

Ovary, 319
Ovary atretic follicles, 289
Overeater, 845
Overgrowth syndromes, 133

definition and classification, 133
Overhydration, 679

Overnight fast, 588, 937
Overnight growth hormone secretion, 29
Overnight test for spontaneous GH secre-

tion, 943
Overnourished, 841
Overweight, 15, 30, 68, 628

children, 823
parents, 636
students, 31, 827
women, 16

OVLT (see Organ vasculosum of the lam-
ina terminalis)

Ovotestis, 326
Ovulation, 212, 232, 301
Ovulatory

cycling, 224
disorder, 728
menorrhagia, 307–308
menstrual cycle, 301

Oxandrolone, 12, 95, 98, 231, 249, 252
Oxandrolone therapy, 250
Oxidative and nonoxidative disposal of

glucose, 551
Oxidative phosphorylation

defects in, 806, 810
diseases, 808

18-oxo metabolites, 905
OXPHOS (see Oxidative phosphorylation)
Oxygen consumption, 824, 837
Oxyphilic papillary cancers, 407
Oxytocin, 48, 759

biochemistry, 755
genes, 756
receptors, 759

PA (see Propionic acidemia)
P absorption, 489, 501
Paget’s disease of bone, 486, 751
PAI-1 (see Plasma activator inhibitor

type 1)
Palatal or lip clefts, 54
Pallister Hall syndrome

cryptochidism, 54
hypothalamic hamartoma-blastoma, 54
micro penis, 54
postaxial polydactyly, 54

Palmidronate, 500, 536
Palmoplantar keratose, 407
Pancreas, 884
Pancreas in AIDS patients, 884
Pancreatectomy, 141, 566
Pancreatic

adenomas, 730
alpha-cell autoimmunity, 689
alpha-cell and delta-cell autoimmunity,

697
autoantigen, 30kD, 694
�-cell BLUT-2, 547, 550, 554
beta-cells, 832
cholera syndrome, 744
delta-cell autoimmunity, 689
dysgenesis/agenesis, 641
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[Pancreatic]
insufficiency, 15
insulin secretion, 846
insulitis, 691
islet cell antibodies, 886
islet cell hypoplasia, 90
lesions, 742
secretion of insulin, 562
tail resection, 203
tumorigenesis, 730
tumors, 722–723

Pancreatitis, 31, 75, 474, 612, 793, 812,
884

PANDA (see Pediatric Assessment of
Newborns for Diabetes Autoim-
munity)

Panhypopituitarism, 95, 161, 166, 583,
585

Panic anxiety disorders, 195
Panyypopituitarism, 885
Papillary carcinoma, thyroid, 411
Papillary carcinomas, 409
Papillary thyroid cancer, 403, 407, 410,

413–415
Papilledema, 104, 432, 674
PAPS synthetase, 128
Paragangliomas, 194, 752
Paraplegia, congenital and acquired, 527
Paraspinal tumors, 201
Parathyroid, 885

adenoma, 472, 474
autoantibodies, 703
cancer, 722
dysfunction, 885
gland embryogenesis, 469
glands (PTG), 421, 469, 473
hyperplasia, 473
suppression, 523

Parathyroid hormone (PTH), 421, 422,
425, 428, 430, 448, 470, 482–483,
488–489, 493, 494, 496, 503, 703,
722, 767

action, 423, 426, 471
activity, 483
assays for, 470
in the circulation, 423
concentrations in cord blood, 484
deficiency, 430
effect, 431
excess, 476
fragments, 422
infusion, 523
in the kidney, 426
levels, 433, 473
locus, 471
metabolism disorders, 503
to the PTH/PTHrP receptor, binding of

424
PTH-related protein, 522
receptor, 700
regulation of its secretion, 470
resistance, 446, 793

[Parathyroid hormone (PTH)]
secreting tumors, 721
secretion, 429–430, 448, 453, 472, 485
synthesis and secretion, 422
test, 449, 452
y, 497

Parathyroid hormone related protein
(PTHrP), 471, 484, 488, 491, 522

secreting tumors, 498
Parathyroidectomy, 448, 474, 476, 500–

501, 535
management after, 475

Parental
beliefs, 22
consanguinity, 114
fatness, 831
obesity, 841

Parenteral
alimentation, 553
glucagon, 600
glucose therapy, 565
nutrition, 526
skills, 845
and sublingual drugs for use in hyper-

tensive emergencies, 911
Parkinson’s disease, 705
Parotid swelling, 77
Paroxysmal blood pressure, 195
Partial

AIS (PAIS), 331
androgen insensitivity, 339
DMC, 438
GHI, 65
growth hormone insensitivity, 11
21-hydroxylase deficiency, 181
hypopituitarism, 160
monosomy 10p, 432, 440
pancreatectomy, 567

Patella dysplasias, 531
Paternal

disomy, 140
imprinitng, 752
uniparental disomy, 330
X, 328
Y, 328

Pathogenesis
of hirsutism, 284
of human obesity, 835
of hyperphosphatemia, 503

Pathogenic causes of polycystic ovary
syndrome, 290

Pathological delay of pubertal gonadotro-
pin secretion, 230

Pathological Determinants of Atherosclero-
sis in Youth (PDAY), 626

Pathological fractures, 530
Pathological growth, 5
Pathological short stature, 14
Pathophysiology

and causes of hirsutism and polycystic
ovary syndrome, 284

hypertension, 895

[Pathophysiology]
hypercalcemia, 498
hypocalcemia, 493
hypophosphatemia, 502

Pathway of lipids and lipoprotein, 860
Pathways of norepinephrine and epineph-

rine metabolism, 194
PAX 8, 350
Pax-2, 321
PCA (see Gastric parietal cell)
P concentrations, cord/serum, 483
PCOS (see Polycystic ovary syndrome)
PCr (see Phosphorcreatine)
PCR analysis, 248
PDAY (see Pathological determinants of

atherosclerosis in youth)
P deficiency, 501
PDHC (see Pyruvate dehydrogenase com-

plex)
PDHC deficiency, 807, 806
PDPCK (see Phosphoenolpyruvate car-

boxykinase)
PDS (see Pendred syndrome)
Peak growth velocity, 214
Peak-height velocity, 11
Pearson syndrome, 752, 809
Pediapred, 163
Pediatric AIDS Clinical Trials Group Pro-

tocol, 875
Pediatric aspects of adult osteoporosis,

531
Pediatric

diabetes, 665
diabetologists, 663
endocrinologists, 257
endocrinology practice, 611
hypertension, 895
obesity, 841, 845
reference intervals for T4, T3, TSH and

Free T4, 349
Pediatric Assessment of Newborns for Di-

abetes Autoimmunity (PANDA),
618

Pelvic
hematoma, 260
irradiation, 233
sonography, 219
ultrasound, 307

Pemphigus, 689
Pendred syndrome (PDS), 401
Pendrin, 401
Penile

growth, 336, 996
length in normal males, 339
organogenesis, 322

Pentagastrin (PTG), 197, 416, 422, 430,
437, 744, 612

adenylyl cyclase, 423
-kidney axis, 425

Pentagastrin and calcium infusions, 404
Pentamidine, 886
PEPCK (see Phosphoenolpyruvate car-

boxykinase)
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Peptic ulcers, 164
Perchlorate discharge, 364, 404
Perchlorate discharge test, 398, 401
Percutaneous osteotomies, 129
Perforin, 395
Pergnenolone, 147
Pergolide, 728, 729
Perinatal HIV I transmission, 876
Perinatal stress, 555, 557
Perinsulinemia, 848
Periodic fever syndrome, 795
Periodic paralysis, 169
Peripheral

edema, 679, 75
neuropathy, 625, 802
precocious puberty (PPP), 217, 219
resistance to thyroid hormone action,

362
unresponsiveness to androgens, 330
vascular disease, 661

Peritoneal dialysis, 797
Periventricular leukomalacia, 806
Permanent endocrine dysfunction, 20
Permanent gonadotropin deficiency, 230
Permanent primary CH, 348, 355
Pernicious anemia, 160, 233, 396, 435,

689, 701, 704, 706
Peroxisomal enzyme deficiencies, 128
Peroxisomal enzymes, 532
Peroxisome proliferator activator receptors

(PPAR), 639
Peroxisomes, 157
Perrault syndrome, 233
Persistant acidosis, 679
Persistant hyperinsulinemic hypoglycemia

(PHHI), 561, 567–568, 582, 599
therapeutic modalities for, 566

Persistant hyperthyrotropinemia, 367
Persistent mullerian duct syndrome, 328,

332, 738
Pesticides, 325
Peter Pan reaction, 34
Petrosal sinus sampling, 164
Peutz-Jeghers syndrome, 215
PEX gene in hypophosphatemia, 523
P450, 702

c11, 740
c21, 740
C17 deficiency, 329
c17 (17,20 lyase) deficiency, 330
enzyme, 488
metabolites, 485
SCC, 278, 324, 703
SCC mutations, 329

P53 tumor-suppressor gene, 725
PH, 493
Phagocytosis, 684
PHAII kindred, 907
Phallic diameter of premature and full-

term infants, 974
Phallic growth, 736
Phallic length of premature and full-term

infants, 974

Phallus, enlarged, 181
Pharmacological

tests, 939
therapies for hirsutism and polycystic

ovary syndrome, 299
therapy, 638
treatment for PLA, 810

Pharyngeal pouch, 347, 469
Phenobarbital, 367, 400, 492
Phenotype for GH gene deletion, 70
Phenotypic differentation

differentiation of male and female em-
bryos, 321

of external genitalia, 322
features in TS, complete X monosomy

(45,X), short arm deletion
(46,XXp-), or long arm deletion
(46,XXq-), 247

Phenoxybenzamine, 196, 908, 910
Phentermine, 846
Phentolamine (Regitine), 196, 908, 911
Phenylacetate, 791
Phenylacetylglutamine, 791
Phenylethanolamine N-methyltransferase

(PNMT), 193
Phenytoin, 365, 367, 400, 730
Pheochromocytoma (VHL type II), 193–

195, 197–198, 199, 201, 203, 407,
417, 473, 612–613, 696, 722–724,
900, 907

biochemical diagnosis of, 195
intra-adrenal 196
localization, 196
spells, 195
treatment of, 196

PHEX, 474, 523
PHHI (see Persistant hyperinsulinemic hy-

poglycemia)
PHK deficiency, 589
Phobias, 35
Phocomelia, 15
Phosphate, 429–430, 483, 677

containing enemas, 503
deficiency, 498
deprivation, 523
homeostasis, 522
supplements, 677
therapy, 474

Phosphatidylinositol pathway, 759
Phosphaturia, 484
Phosphocreatine (PCr), 919
Phosphoenolpyruvate carboxykinase

(PEPCK), 556, 579, 589, 806
deficiency, 582, 589

Phosphoethanolamine, 124, 499, 525
Phosphofructokinase, 838
Phosphorous (P), 481, 493, 495, 678
Phosphorylase (PHOSP), 632

deficiency (type VI), 582
kinase deficiency (type IX), 582, 588

Phosphotonin, 522
Photocoagulation, 625

Phototherapy, 492, 495
PHP (see Pseudohypoparathyroidism)
Phynytoin, 492
Physical activity, 233, 636, 836, 848

and energy, 29
leisure-time 844

Physical exertion, excessive 234
Physical fitness, 659
Physician diabetologist, 660
Physician health study, 4
Physiological alterations, FTT, 20
Physiological jaundice, 68
Physiology

of growth hormone secretion, 939
of hair growth, 282
of the menstrual cycle, 301

Phytestrogens, 400
Pi (see Inorganic phosphate)
Pickwickian syndrome, 824
Pima Indians, 834–836, 838
Pinealomas, 762
Pinocytosis, 684
Pioglitazone, 300, 639
PIT-1, 48, 353
Pit1 (PROP1), prophet of, 48
Pitressin, 764, 766

administration, 765
Pittsburgh Epidemiology of Diabetes

Complications (EDC) Study, 623,
625, 627

Pituitary, 47, 91
acidophils, 48
adenoma, 60–61, 133, 135, 141, 164,

166, 228, 727–728
antibodies, 61
aplasia, 340
apoplexy, 61
basophils, 48
blood supply, 51
chromophobes, 48
deficiency, 62, 75, 227
differentiation factors, 56
disease, 152
dwarfism, 839
dwarfism III, 927
dysgenesis, 228
enlargemant, 217
GH release, GH-IGF-I axis, diagram, 52
gigantism, 216
gland, 87–88

functional anatomy, 48
gonadotropin, 137, 211
hemachromatosis, 304
hormone deficiencies, 434
hypoplasia, 56
hypothalamic surgery, 761
hypothyroidism, 365
infarction or necrosis, 304
irradiation, 234
lactotropes, 293
macroadenoma, 729
ovarian axis, 740
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[Pituitary]
resistance to thyroid hormone, 393, 394
trophic hormones, 134
TSH synthesis, 362

Pituitary tumor, 133, 288, 364, 722
transforming gene (PTTG), 727

Pituitary pars
distalis, 48
intermedia, 48
nervosa, 48

PLA (see Primary lactic acidemias)
Placenta-fetal adrenal unit, 150
Placental

aromatase, 149
aromatase deficiency, 334
calcium transport, 491
circulation, 18
degeneration, 186
disorders, 16
fetal adrenal unit, the, 148
3B-hydroxysteroid dehydrogenase, 149
lactogen, 17
tissues, 17

Plasma
ACTH levels, 881
activator inhibitor type 1 (PAI-1), 835
ammonia, 797
Ca2�,456, 455
concentrations of bound and free testos-

terone in females and males, 280
cortisol, 151, 175
free metanephrines, 198
glutamine, 791
insulin, 548–549, 552, 555
leptin, 833
osmolality, 674, 756
Pi, 430
proinsulin, 561
renin, 169, 187, 900
vasopressin, 764, 771
VIP, 744
volume, decreased effective 772
zinc turnover, 32

Plasma glucose, and insulin concentration
for mothers and the neonates, 542

Plasma glucose concentration
for neonates, 544
in neonates treated with constant glu-

cose infusion, compared with
plasma glucose concentrations, 565

in term neonates, 543
Plasmin, 323
Plasminogen activator inhibitor-1, 633
Plasticizers, 325
Platyspondyly, 116, 125

epiphyseal dysplasia, 119
PLWS (see Prader-Labhart-Willi syn-

drome)
PM 60/40, 496
PMDS, 333
Pneumonia, 773
Polyaromatic hydrocarbons, 325

Polyarteritis nodosa, 690
Polychlorinated biphenyls (PCBs), 325
Polyclonal B-cell stimulation, 688
Polycystic

fibrous dysplasia, 216
kidney disease, 768–769, 802
ovaries, 282, 291, 839
ovary disease, 181, 632–633
ovary syndrome (PCOS), 226, 288–289,

277, 287, 289, 291, 293, 296–297,
304, 307–308, 630–631, 634, 638,
825

associated with adrenal androgen se-
cretion, 293

metabolic syndrome, 900
Polycythemia and hyperviscosity, 559
Polydactyly, 118, 230, 836
Polydypsia, 169, 195
Polygenic inheritance, 693
Polyglandular

autoimmune syndrome, 361
autoimmunity, 246
syndrome, 160

Polygraphic sleep recordings, 62
Polymaformative syndrome, 352
Polymenorrhea, 289, 295, 302

intermenorrhea, 308
Polymyositis, 689
Polyol

activity in the brain, 679
pathways, 623

Polyostotic fibrous dysplasia, 524
Polyphagia, 94
Polysterenes, 325
Polyunsaturated fats, 658
Polyuria, 195
POMC (see Proopiomelanocortin)
Ponderal index (PI), 18
Poor feeding, 19
Poor growth, 662, 877
Pork insulin NPH, 654–655
Porphyria, 613
Porter-Silber reaction, 159
Portocava shunt, 788
Positron emission tomography (PET), 196
Posterior pituitary deficiency, 763
Posterior pituitary DI, 704, 755, 761
Posterior urethral valves, 340
Postnatal growth control, 17
Post neonatal hypoparathyroidism, causes

of 432
Postoperative HP, 444
Postoperative wound healing, 88
Postpartum thyroiditis, thyrotoxicosis, 700
Postprandial

blood glucose levels, 656
glycemia, 639
hyperglycemia, 670

Postreceptor insulin activation, 629
Postsurgical diabetes mellitus, 584
Postural hypotension, 195
Potassium chloride, 766

Potassium perchlorate, 398
Potassium, 677
POU1F1, Pit-1, 56
Poverty-related malnutrition, 25
PPAD1, 472
PPAR (see Peroxisome proliferator activa-

tor receptors)
PPCH (see Primary congenital hypothy-

roidism)
PPD, 436
Pp�DDE, 325
Prader-Labhart-Willi syndrome (PLWS),

55
Prader-Willi syndrome, 9, 88, 101, 104–

105, 133, 228, 230, 303–304, 339,
613, 749, 835, 939

curves for height of males and females,
1022

Prazosin, 908, 910
Prealbumin, 26
Precocious pseudopuberty, 215
Precocious puberty, 7, 134, 167, 181,

214–216, 220, 222, 257, 259, 271,
289, 448, 524, 840, 867, 870

hyperprolactinemia, 363
Precocious sexual development, 739
Precose, 300
Predicted adult height, 6, 14, 34, 96, 224,

986
Prediction of IUGR, 18
Prednisolone, 151, 163, 457
Prednisone, 160, 162–163, 298, 474, 501

dosage, 100
therapy, 399

Pregnancy, 182, 232, 243, 302–303, 601
testing, 305

Pregnenolone, 148, 175, 233, 278
Prelone, 163
Premarin, 234, 251, 270, 307
Premature

adrenarche, 630–631, 736
menarche, 258–259
menopause, 703
newborns, 353
pubarche, 180, 215, 225–226, 287–288,

292
puberty, 834
telarche, 168, 215, 225

Prematurity, 495, 554
Prenatal and postnatal injuries, 55
Prenatal diagnosis, 787, 790

and prenatal treatment of CAH, 184
and treatment of CAH, 186
of the skeletal dysplasia, 129

Prenatal exposure to psychoactive sub-
stances, 22

Prenatal management of pregnancy, in
families at risk for a fetus with 21-
hydroxylase deficiency, 186

Prenatal virilization, 178
Pre-Phree, 790
Prepro-PTH, 483
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Prepubertal
gynecomastia, 75
uterine volume, 243
vaginal bleeding, 258, 270

Presidential candidates, taller, 2
Preterm

infants, low birth weight, 362
neonate, 547
and VLBW infants, 365

Prevention, 653
of neonatal hypoglycemia, 565
of nutritional rickets, 535
of obesity, 847

Previtamin D3, 424, 487
Primary

adrenocortical insufficiency, 154
aldosteronism, 901, 903
amenorrhea, 182, 233, 243, 301–302,

304 306, 448
biliary cirrhosis, 689
congenital hypothyroidism (PPCH), 348
(deciduous) teeth, 1005
enuresis, 767
glucagon deficiency, 555
gonadal failure, 227–228, 232
hyperaldosteronism, 168–169, 725
hyperparathyroidism, 473, 502, 721–

722, 724
hyperreninemia, 168
hypertension, 900, 909
hyperthyroidism, 447
hypogonadism testicular failure, 229
hypogonadism, 227, 229, 232, 840
hypothyroidism, 217, 221, 352, 362,

366, 368, 395, 868, 883
IGF-I deficiency, IGF resistance, 67
lactic acidemias (PLA), 805
loss of sodium chloride, 772
malignant tumors, 60
parathyroid hyperplasia, 723
PCOS, 290, 298
polydipsia, 756, 769
testicular failure, 229

Priming with sex steroids, 72
Primordial dwarfism, 15
Primordial gonad, 319
Principles of diabetic therapy, 662
Problems with GH testing, 72
Procalcitonin, 486
Procarbazine, 869
Pro-collagen, 100–101

type 1, 90
Proencephalic cysts, 808
Progesterone, 147, 151, 178, 233–234,

252, 278, 281, 332, 485, 491
levels, 839

Progestin administration, 307
Programming, 20
Progressive decline in height percentile,

IGF-I, IGFBP-3, 73
Progressive encephalopathy, 808
Progressive follicular atresia, 244

Prohormone vitamin D3, 423
Proinsulin, 600, 694, 742

A, B, 51
Projected target height, 6
Prolactan secretion, 484
Prolactin (PRL), 48, 221, 278, 751, 839,

885
deficiency, 448

Prolactinomas, 61, 228, 230, 234, 727–
728

Prolactin-secreting pituitary adenoma, 297,
307

Prolapse of the urethra, bladder, 258, 265
Proliferative retinopathy, 624–625
Prolonged exclusive human milk feeding,

503
Proopiomelanocortin (POMC), 834
Pro-opiomelanocortin gene, 149
PROP-1, 353

gene, gonadotropin, somatotropin, thy-
rotropin, and prolactin, deficiency,
56

mutations, cause of MPHD, 56
Prophylatic adrenalectomy, 196
Prophylatic thyroidectomy, 198
Propionate, 797
Propionic

acid, 797
acidemia (PA), 563, 788, 792, 793, 797
aciduria, 794

Propionylcarnitine, 793
Propionyl-CoA carboxylase, 792
Propranolol, 13, 139, 196, 354, 398, 399,

487, 908, 910
Pro-PTH, 483
Propylthiouracil, 354, 400, 700, 701
Prosencephalon defects, 228
Prostaglandin, 169, 211, 485

synthase, 695
Prostrate gland, 321
Prostratic utricle, 322
Protal-hypophyseal circulation, 761
Protein

content in meals, 658
glycation, 622
kinease, 487
losses, 29
overload, 659
restriction, 804

Protein anabolism, 921
Protein-calorie malnutrition, 27
Protein catabolism, 28, 790

collagen synthesis, 100
Protein-sparing, modified fast (PSMF),

842
Proteinuria, 586, 623, 664–665
Proteinuric hypertension, 16
Proteoglycan, 688
Proteolysis, 576, 670
Protocol for evaluation of diabetes insipi-

dus, 765
Proto-oncogene called RET, 197

Provera, 251, 307–308
Provitamin D3, 487
Provocative GH testing, 245
Prune belly syndrome, 340
Pseudoachondroplasia, 116, 128, 531–533,

751
Pseudoachondroplastic dysplasia, 120
Pseudoacromegaly, 134
Pseudodeficiency, 520

rickets, 521, 535
Pseudoephedrine, 918
Pseudogynecomastia, 214, 227
Pseudohermaphroditism, 178, 326

male 187
Pseudo-HP (PHP), 421
Pseudohypoaldosteronism, 772

type II: Gordon syndrome,II, 900, 901,
906

Pseudohypoparathyroid, 503
Pseudohypoparathyroidism (PHP), 8, 122,

350, 432, 444, 448, 451, 455, 493,
495, 503,

patients, 448
type Ia, 448, 494
type 1a (PHP-1a), 494
type 1b, 494
type 1c, 445, 494
type II, 445, 449

Pseudohypothyroidism
type-Ia, 446
types of, 444
type Ib, 448
type II, 449

Pseudoprecocious puberty, 166
Pseudopseudohypoparathyroidism (pPHP),

8, 448, 449, 451, 453–454, 752
Pseudotumor cerebri, 75, 77, 104, 364
Pseudo vitamin D deficiency rickets

(VDD)
type 1, 124
type 2, 124

PSMF (see Protein-sparing modified fast)
Psoriasis, 263, 690
Psychiatric disease, 773
Psychic disorders, 432
Psychological evaluation of short stature,

87
Psychological immaturity, 229
Psychologist, 847
Psychopathology, 30, 665
Psychosexual development, 222
Psychosocial

deprivation, 22
disorders, 824
dwarfism, 62, 228
impact of obesity, 825
maladaptations, 24
problems, 34

Psychosomatic, 35
Psychotic episodes, 397
Pterygium coli, 239
PTG (see Parathyroid glands)
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PTG (see Pentagastrin)
PTH (see Parathyroid hormone)
PTH1–34, 421, 453
PTH1–38, 433
PTH1–84, 423
PTH53–84, 428
PTH, ECF Ca2�, 423
PTH gene, 421–423, 483, 485, 491

mutation, 493
mRNA, 485
mRNA expression, 422

PTH/PTHrP receptor, 422–423, 425, 448,
470–471, 484, 533

PTHrP (see Parathyroid hormone related
protein)

PTH receptor (PTHR/PTHRPR), 532–533
and end-organ responsiveness, 495
mutation, 498

PTH-2 receptor, 471
PTH-stimulated coupling, 485
PTTG (see Pituitary tumor-transforming

gene)
Pubarche, 212, 305, 838, 920
Pubertal

changes in boys mean ages of, 213
delay, 26, 217
disorders in 21-hydroxylase deficiency

CAH, 182
gynecomastia, 214
hormonal stimulation, 229
hypothalamic-pituitary-gonadal activity,

224
levels of hormones, 214
maturation in classic congenital adrenal

hyperplasia, 181
maturity, 211, 217, 231
progression, 221
secretion of adrenal androgens, 151
stage, 34, 228
status, 68

Pubertal development
final height, 251
in girls, mean ages of, 212
lack of, 227
of male pubic hair, 994
natural history of early 222
partial 225
in size of male genitalia, 994

Pubertal growth, 212, 640
IGF-I deficiency, 68
spurt, 5, 244, 839

Puberty, 211, 229, 630, 839, 867
bone age, 92
hormonal changes in, 214
onset of, 181

Pubic and axillary hair, 213, 257
PubMed, 930
Pulmonary

capacity, 619
edema, 557
granulomatous disease, 763
hypertension, 845

Pulsatile GnRH, 308
Purging, 31
Purging behaviors, 31
Purging/binge-eating behaviors, 827
Pursuit of thinness, 827
PWS (see Prader-Willi syndrome)
Pygmy subjects, 67
Pyknodysostosis, 125, 126, 750
Pyloric stenosis, 793
Pyogenic skin infections, 618
Pyridoxal phosphate, 525
Pyridoxine (vitamin B6), 139–140
Pyriform sinus, 399

fistula, 356
Pyroglutamic aciduria, 795
Pyruvate carboxylase, 589, 806

deficiency, 582, 788
Pyruvate dehydrogenase, 577, 838

complex (PDHC), 805
Pyruvate metabolism, 805–806
Pyruvic dehydrogenase, 792

Quadriparesis, 157
Quality of life, 96
Quervain’s thyroiditis, 356
Quick-fix weight-loss schemes, 842
Quinine’s hyperinsulinemic effect, 590
QT intervals, 495

Rabson-Mendenhall syndrome, 290, 293,
612

Rachitic syndrome (rosary), 517–518
Racial and familial influences in diabetes,

631
RAD51, 472
RAD54, 472
Radiation therapy, pituitary insufficiency,

61
Radiographic rickets, 505
Radioimmunoassay (RIA), 936
Radioiodide uptake, 364
Radioiodine treatment, 354
Radiological changes of rickets, 519
Radioulnar synostosis, 138
Ramipril, 627
Randle’s hypothesis, 576
RANK ligand, 489
RANKL, 471
Rapp-Hodgkin ectodermal dysplasia, 332
Rate of growth, 843
Rathke cleft cyst, 60
Rathke’s pouch, 47

cysts, 228
homeobox gene, 48

RB1 (see Retinoblastoma gene)
RBRVS (see Resource-Based Relative

Value System)
Reactive arthritides, 690
Reactive hypoglycemia (dumping syn-

drome), 582
Rebound hyperglycemia, 658
Rebound hypoglycemia, 556, 564

Recanalization of, growth, 10
Recombinant human calcitonin, 501
Recommendations for weight gain IGUR,

during pregnancy, 16
Recommended dietary allowance, 29
Recurrent

hypocalcemia, 451, 575
miscarriages, 240
thyroiditis, 399

Red blood cell oxidation of glucose, 546
5�-Reductase

activity, 284, 294
deficiency, 228, 336
inhibitor, 301
type 2 deficiency, 328

Reduction diet, 847
Refeeding syndrome, 502
Reference

charts used frequently by endocrinolo-
gists, 969

table for the conversion of current units
to SI units, 955

values, 936
values for parameters of mineral metab-

olism, 425
Reflecto-Test hypoglycemia test strips, 546
Refractoriness to sterol therapy, 455
Refractory hypoglycemia, 561
Registered dietician, 847
Regitine, 196
Regular insulin, 655
Regulation of cortisol secretion, 176
Regulation of thirst, 756
Rehydration, 675
Reiter syndrome, 688, 690

coloboma of the iris, 54
dental hypoplasia, 54
glaucoma, 54

Reimbursement issues in endocrinology,
959

Relative hyperinsulinism, 697
Relative hypoglycemia, 577
Relative influence of HLA-DQ alleles on

susceptibility to type 1 diabetes,
693

Relative insulin deficiency, 671
Renal

agenesis, 321, 334
allograft, 101
anomalies, 242
artery stenosis, 195, 900
artery thromboembolism, 900
cell carcinoma, 199
disease, 625
dysmorphism, 242
dysmorphology, 242
dysplasia, 592, 802
failure, 520, 524
free water clearance, 770
glucocorticoid receptor, 170
glucosuria, 618
insufficiency, 75
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[Renal]
juxtaglomerular apparatus, 760
(oxalate) calculi, 846
parenchymal disease, 900
phosphate retention, 99
phosphate wasting, 471
stones, 736
transplantation, 100
tubular acidosis, 124, 498, 591
tubular disorder, 503
tubular PTH receptors, 524
vein thrombosis, 159, 559
water reabsorption, 757

Renin, 103, 151, 159, 169–170, 179, 187,
725, 760, 905

Renin-angiotensin-aldosterone system,
169, 760, 771

Renin-angiotensin system, 161, 726
in congenital adrenal hyperplasia, 187

Renovascular hypertension, 895
Repaglinide, 639
Replacement fluid, 675
Reproductive function, male 182
Reproductive hormones, 839
RER (see Rough endoplasmic rectilium)
Residronate, 536
Residual C-peptide secretion, 616, 655
Resistance training, 844
Resource-Based Relative Value System

(RBRVS), 960
Respiratory alkalosis, 787
Respiratory distress syndrome, 162
Response of c-amp to exogenous PTH,

447
Response to exogenous PTH, 495
Resting energy expenditure, 841
Resting metabolic rate, 844
Restrictive diets, 26
RET, 411

gene, 411, 724
knockout mouse, 197
mutation, 197, 412
in papillary thyroid carcinoma, 416
proto-oncogene, 413, 473

RET germline mutation
in codons 883,918 and 922, 198
of exons 15 and 16, 198
screening, 197
testing, 198

Retinal detachment, 434
Retinitis pigmentosa, 155, 230, 802, 808–

809, 836
Retinoblastoma, 750

gene (RB1), 471, 728
Retinoid X receptor, 425
Retinol-binding protein, 26
Retinopathy, 618, 624–625, 636, 689, 691
RET-positive children, 417
Retractile testis, 340
Reye-like syndrome, 793, 800, 802
Reye syndrome, 582, 590, 592, 596–597,

788–789, 802

Rezulin, 300
Rh incompatibility, 555

and hypoglycemia, 560
Rhabdomyosarcoma, 140–141, 201, 258–

259, 265–266, 725
Rheinhardt, mesomelic dysplasia, 122
Rheumatic fever, 690
Rheumatoid arthritis, 201, 246, 434, 530,

690
rhIGF-I, intravenous infusion, 53
Rhizomelia, 8, 120, 126
RIA (see Radioimmunoassay)
Riboflavin, 804, 810

supplementation, 596
Rice, 848
Rickets, 481, 504, 517–518, 523–524,

526, 533
like conditions, 517, 525

Rieger syndrome, 332, 335
Rifampin, 367, 400
Rigid dieters, 841
Ringers’ lactate, 675
Risk

for adult onset disease, short stature, 4
for being overweight, 31
of obesity, 836–837

Risk effect of specific HLA alleles for the
development of type 1 diabetes,
693

Risk factors for
neonatal hypocalcemia, 492
osteopenia and rickets in infants, 503

Ritodine, 562
RNA polymerase, 33
Rnitotane (o,p�-DDD), 165
Robinow, mesomelic dysplasia, 122
Robinow syndrome, 335, 339
Roche-Wainer-Thissen, 6
Rod monochromacy, 750
Roland-Desbuquois syndrome, 128
Rosiglitazone, 300, 639
Rough endoplasmic reticulum (RER),

686
Royal Canadian health force study, 4
RQ, 831
rT3, 367
RU 486, 737
Rubella, 17, 706

acquired in utero, 617
Rud syndrome, 230, 339
Rudimentary bicornuate cords, 305
Russell-Silver syndrome, 9, 15, 17, 88, 98,

749, 939

Saccharin, 846
Salbutamol, 674
Saldino Noonan, 118
Salicylates, 169

intoxication, 582, 589
poisoning, 590

Saline-filled prosthetic testes, 229
Salpingo-oophorectomy, 740

Saltation and stasis, 5
Salt depletion, 771
Salt-losing

CAH, 338
congenital adrenal hyperplasia, 340
crisis, 329, 333
syndrome, 162

Salt wasting (SW), 158, 177–179, 187
disorder, 159
forms, 187

Sanjad-Sakati syndrome, 432, 441
Sarcoidosis, 61, 62, 233–234, 304, 690,

763
histiocytosis, 160

Sarcomas, 725
botryoides, 259, 266

Satiety, 832, 840, 846
Satiety factor, 840
Saturated fat, 658–659, 843

intake, 636
SCAD deficiencies, 804
SCARF, 335
SCHAD, 802
Schilder’s disease, 157
Schizencephaly, 54
Schmid syndrome, 121, 160, 705
Schmid-type epiphyseal dysplasia, 532–

533
Schmorl’s disease of spine, 119
Schmorl’s nodes, 120
Schwachman syndrome, 121
Schwann cells, 203
Schwannomas, 407
Scleroderma, 619, 690, 696
Sclerosing cholangitis, 689
Scoliosis, 7, 75, 139, 242
Screening

for DNA mutations of the RET proto-
oncogene,945

and evaluation strategies for CH, 351
in family members, 724
for narcotics, 495
tests for GH deficiency, 938

SDE (see Spondyloepiphyseal dysplasia)
SDHD gene, 199
Seborrhea, 295
Seckel syndrome, 15
Secondary

amenorrhea, 181–182, 232, 240, 301,
305, 870

amenorrhea, oligomenorrhea, 306
glaucoma, 529
hyperaldosteronism, 168
hyperparathyroidism, 430, 435, 448,

470, 484, 498, 534
hypothyroidism, 365
malignancies, 871
(permanent) teeth, 1005
sexual characteristics, 12

Second-messenger pathways, 758
Secretin, 423, 484
SED (see Spondyloepiphyseal dysplasia)
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Sedentary activities, 848
Seizure disorder, 245
Seizures, 397, 431, 495, 773
Selenium, 400
Self-induced vomiting, 826
Self-monitoring of blood glucose, 640,

663
Self-restrictive nutrient intake, 25
Sellar enlargement, 364
Sellar polytomography, 135
Sellaturcica, 761

radiation, 165
SEMD (see Spondyloepimetaphyseal dys-

plasia)
Semen volume, 231
Seminoma, 738
Semustine, 869
Sensitivity to insulin, 659
Sensorineural deafness, 233
Sepate, 15
Sepsis, 557
Septal hypertrophy, 559
Septo-optic dysplasia (SOD), 47–48, 54,

92, 160–161, 215, 228, 233, 362,
762

Sequestered antigen theory, 689
Serotonic reuptake inhibitor, 846
Serotonin, 50, 211, 730, 839

agonists, 845
reuptake inhibitor, 846
uptake inhibitors, 771

Sertoli cells, 178, 233, 319, 323, 328
tumor, 227, 738–739

Sertoli-Leydig cell, 739
tumors, 740

Serum
alkaline phosphatase levels, 525
androgens, 249
binding proteins (BPs), 937
Ca, 481
C-peptide, 597
CT concentrations, 486
estradiol, 839
folate, 30
ionized calcium concentration (iCa),

482
IPTH y, 497
1,25(OH)2D in the newborn, 490
osmolality, 763
thyroglobulin, 404
and urine osmolalities during a water

deprivation test, 756
Severe

acidosis, 678
asthma, 16
dehydration, 673
growth failure, 73
hyperosmolarity, 675
hypoglycemia, 564
infantile hypophosphatasia, 498
obstipation, 435

Severely obese (BMI >29), 825

Severity
of CH, 353
of DKA, 669

Sex assignment, 184
Sex chromosome mosaicism, 241
Sex determination, 319
Sex differentation

SF-1, 156
SRY, 156
of the urogenital sinus, 323

Sex education, 222
Sex hormone-binding globulin (SHBG),

282, 294, 300, 331, 839
gene, 292

Sex steroid hormones, 282
Sex steroids, 50, 175, 226, 835, 866
Sexual

abuse, 258–261
ambiguity, 305
development, 34
hair, 211, 224–225, 919
infantilism, 7
precocity, 222, 751

Sexual differentiation, 187
disorders of, 319

Sexual maturation, 211, 834
at puberty, 161

Sexually dimorphic behaviors, 337
Sexually transmitted disease, 260–261
SF-1 transcription factor, 156, 327
SFO (see Supfornical organ)
SGA (see Small for gestational age)
SHBG (see Sex hormone-binding globu-

lin)
Sheehan Syndrome, 48, 61, 761
Shield chest, 243
Shock, 159, 675
Short

fourth metacarpal, 242, 836
leggedness, 243
limb dwarfism, 126, 494
limbed short stature of familial or ge-

netic nature, 8
patients, 3

Short-rib dysplasia, 531
in type I (Saldino Noonan), 118
in type II (Majewski), 118

Short-rib polydactyly syndrome type I.II,
126–128, 335

Short stature, 2, 3, 13, 25, 32, 34, 87, 14,
227, 229, 239, 445, 598, 736, 871

diagnosis, 3
disproportionate, 113, 126
handicap, 1
homebox-containing (SHOX) gene, 9,

248
nutritional, 31
types, 7
unexplained, 33, 66
zinc status in, 33

Short-chain acyl-CoA-dehydrogenase, 801
Short-chain fatty acid oxidation disorders,

583

Short-chain 3-hydroxy-acyl-CoA-dehy-
drogenase, 801

Shoulder to elbow length, 8
SHOX, 114, 128, 245, 248, 533–534

gene, 9, 122
haploinsufficiency, 248

SHOXa, 248
SHOXb, 248
Shprintzen Velocardiofacial syndrome,

437, 439
SI (see System International)
SIADH (see Inappropriate antidiuretic hor-

mone)
Sibutramine, 846
Sickle cell disease, 1, 228, 234
SIDS (see Sudden infant death syndrome)
Siemerling-Creutzfeldt disease, 157
Signs and symptoms

associated with hypoglycemia in the ne-
onate, 545

of hypoglycemia, 581
hypothyroidism, 350

Sillence
classification, 528
type I, 528
type IA, 528
type IB, 528
type II, 528
type III, 528
type IV, 528
type IVA, 528
type IVB, 528

Silver-Russel syndrome, 442
Simple goiter, 402
Simple sugars, 658
Simple virilizing congenital adrenal hyper-

plasia (SV), 177
Simpson dysmorphia syndrome; SDYS,

926
Simpson-Golabi-Behmel syndrome, 924

type 1, 925, 926
Single central incisor, 54, 598
Single-gene mutations in IGF-I, 18
Sinusitis, 242
Sipple syndrome, 197, 723
Sitting height, 8, 1000
Situs inversus and immotile cilia, 750
Sjogren syndrome, 434, 449, 690, 696,

768
Skeletal

accretion, 531
asymmetry, 15
deformity, 135
development disorders, 15
disease, 448
growth, 527
length, 18
maturation, 6, 19, 505
maturity, 219, 224, 838
radiographs, 126
resistance to PTH, 447
turnover in osteoporosis, 527
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[Skeletal]
joint and skin problems in diabetes mel-

litus, 619
Skeletal age, 214, 221, 223–224, 226–

227, 229–230, 232
Skeletal disorders, associated with

chromosomal aberrations, 114
primary metabolic disorders, 114
monitoring, 224

Skeletal dysplasia, 7, 8, 88, 99, 113–114,
126, 129, 245, 526, 531–532, 871

classification of 531
diagnosis and assessment, 114
genes causing, 128
prenatal diagnosis, 129

Skeletal Dysplasia International Registry,
129–130

Skeletal manifestations of
disturbed mineral homeostasis, 503
trace metal disorders, 525

Skeleton, 428, 866
Skin

collagenomas, 721
hyperpigmentation, 159
pigmentation, 364
5�-reductase activity, 294

Skinfold thickness, 28, 829
Sleep apnea, 635, 825
Sleeping body core temperature, 831
Sleeping metabolic rates, 831
Sleep patterns, 62
Slimness, 30
Slipped capital femoral epiphysis, 75, 824
Slycogen accumulation, 553
Smad/DPC4, 730
Small blue round cell neoplasia, 201
Small bowel biopsy, 30
Small for gestational age (SGA), 542, 555

neonates, 556
term, 547

Small left colon syndrome, 559
Small ring X, 245
Smith-Lemli-Opitz syndrome, 127, 340

type I, 335
type II, 335

Smoking, 624, 625, 836, 844
Smooth muscle autoantibodies, 706
SMS, 201–995, 743
SNURF, 324
Social and emotional stimulation, 22
Social obesity, 826
Social withdrawal, 12
SOD (see Septo-optic dysplasia)
Sodium benzoate, 787, 791, 797
Sodium chloride supplement, 163
Sodium diet, 154
Sodium ipodate, 354
Sodium nitroprusside (Nipride), 911
Sodium pertechnetate (99mTC), 352
Sodium phenylacetate, 787
Sodium phenylbutyrate, 791
Sodium/iodide symporter, 401

Sodium-dependent Na-K-ATPase, 489
Solid foods, 831
Solitary solid thyroid nodules, 403
Solitary thyroid nodules, 414
Solucortef, 163, 163, 165
Somatomedin C, 938
Somatomedin-C (IGF-I), 135
Somatopsychological differentation, 23
Somatostatin (SRIH), 50, 88, 91, 133,

135, 408, 485, 487, 567, 585, 760,
835

analog, long-acting 135, 729, 743, 846
control, 867
receptor, 700
secretion, 89, 362

Somatostatinoma, 612, 743–745
Somatostatin-secreting delta cells, 697
Somatotroph adenoma, 729
Somogyi effect, 657, 658
Sonography, 830
Sorbitol, 623, 625, 679, 846

accumulation, 621
Sotos syndrome, cerebral gigantism, 134
Southern blot, 248
Sovaleric acidemia, 788
SOX-9, 327–328, 437

gene, 320
mutations, 123

SOX10, 437
SOX13, 694
Soy formulas, 396, 400, 503
Spastic paraplegia, 808
Special diet foods, 826
Specific IUGR growth charts, 18
Specific Mg malabsorption, 493
Specific monitoring and objectives, 662
Spermarche, 214
Spermatocytes, 233
Spermatogenesis, 182, 211, 220, 224,

230–231, 884, 919
Spermatogonia, 233, 341
Sphingolipids, 787
Spina bifida, 88, 102, 530
Spinal

claudication, 130
compression, 243
cord claudication, 126
irradiation, 866
muscular atrophy, 750
stenosis, 126

Spironolactone, 169, 223, 298–300, 906,
912

Splenomegaly, 158
Spondylodysplasic dysplasia, 118
Spondylodysplastic and other perinatally

lethal groups, 531
Spondyloepimetaphyseal dysplasia

(SEMD; Strudwick type), 116, 119,
120, 127, 531, 532

congenital, 115, 116, 532
Spondyloepiphyseal, 532

dysplasia, 8, 88, 113, 115, 126, 128, 129

Spondylometaphyseal dysplasia (SMD),
Kozlowski type, 113, 116, 121,
128, 531

Spontaneous GH secretion, 55
Spontaneous growth hormone secretion,

15, 29, 247
Spontaneously aborted fetuses, 240
Spontaneous puberty, 243
Sporadic adrenal adenoma, 725
Sporadic cretinism, 359
Spranger-Wiedeman, 119
SRY, 327–328

gene, 232
negative 46,XX maleness, 328

Stable isotopic methodology, glucose infu-
sion, 547

Staging of Pubertal Development (Tanner),
213

Standard growth charts for children with
genetic conditions, 970

Standard growth charts for children with
genetic or pathological conditions,
1011

Standard U/L curves, 126
Standard-dose ACTH stimulation test, 948
Standards of growth and development,

969
neonates, 971

Standing height, birth to 20 years, 998
Staphyloccocal epidermolysis, 793
StAR, 278, 324

congenital lipoid hyperplasia, 177
deficiency, 328–329
gene, 292
protein, 329

Starvation, 365, 500
Stat Tek Meter, 546
Statins, 627
Stature for age and weight

boys, 2–20 years, 989
girls, 2–20 years, 979

Steatohepatitis, 824
Steatorrhea, 492, 885
Stein-Leventhal polycystic ovary syn-

drome, 289, 696
Stenosis

pulmonary artery, 15
renal artery, 15
supra-alveolar aortic, 15

Steroid
aromatization, 226
biosynthesis, 904
biosynthetic enzymes and the respective

genes, 148
biosynthetic pathway, 279
induced hypertension, 500
receptor coactivator (SRC), 324
sulfatase deficiency (X-linked ichthyo-

sis), 154, 158
therapy during stress, 163
treatment at time of surgery, 163
values, 949
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Steroidal cell autoantibodies, 706
Steroid 11-�-hydroxylase deficiency, 902
Steroidogenesis, 150, 212
Steroidogenetic

acute regulatory protein (StAR), 147
biosynthesis, 289
enzyme defects, 902
factor 1 (SF-1), 150, 320

Steroid 5�-reductase, 324
deficiency, 330

Steroid 5�-reductase type 2 deficiency,
328

Sterol therapy, 453
Stickler syndrome, 119, 128
Stickler-type dysplasia, 532
Stiff-man syndrome, 612, 689, 705
Stilbestrol, 142, 333
Stimulation testing, 962
Stimulatory G protein, 134
Stippled epiphyses, 121, 127, 531
Stippled patellas, 533
Storage diseases, 534
Streak gonads, 239, 243, 248
Streak ovaries, 233
Stress, 150

of diabetes, 665
hyperglycemia, 618

Stretpzotocin, 744
Stroke, 637, 661
Strokelike episodes, 789, 808
Stromal hyperthecosis, 293, 297–298, 303
Stromal ovarian hyperthecosis, 300
Structural thyroid problems, 355
Structured obesity treatment program, 844
Strudwick, 116
Struma ovarii, 739
Stunting of growth, 25–26
Subacute granulomatous thyroiditis, 399
Subacute lymphocytic thyroiditis, 399
Subacute thyroiditis, 356, 362, 398–400
Subarachnoid cysts, 219
Subareolar breast hyperplasia, 214
Subcellular location of the various steps of

steroidogenesis in an adrenal cell,
149

Subclinical hypothyroidism, 367
Subclinical neuropathy, 625
Subcutaneous

calcifications, 494
fat necrosis, 472, 498, 499
ossifications, 533

Subfornical organ (SFO), 756
Suboptimal nutrition, 10, 25–26, 29–30
Substance abuse, 16
Subtotal pancreatectomy, 585
Subtotal parathyroidectomy, 475
Sucrose, 658
Sudden death, 592
Sudden infant death syndrome (SIDS),

597, 802
Suggested pathogenic mechanism of auto-

immune endocrinopathies, 691

Sulfatases, 534
Sulfation factor, 938
Sulfonamides, 400
Sulfonylurea, 638–639

action, 634
ingestion, 582
receptor (SUR1), 579, 580, 632

Sulfotransferase, 193
Sulucortef, 159
Supermarket diet, 841
Super obesity, 829
Supplemental Ca therapy y,497
Suppressed CRH/ACTH secretion, 162
Suppurative thyroiditis, 355
Supraoptic-hypophyseal tract, 762
Supraoptic nuclei, 756
Suprasellar cyst, 215
Suprasella tumors, 303–304
SUR gene, 561
SUR receptor, 580
SUR1 (see Sulfonylurea receptor)

gene, 583
Surfactant, 162
Surfing the net, 924
Surgery, 566

HP, 449
for obesity, 846
resection, 60
therapy, 341
treatment of obesity, 637

Surreptitious insulin administration, 601
Susceptibility loci in type 1 diabetes, 693
Susphrine, 563, 566
Sweetened counterparts, 846
Swiss-cheese appearance of cartilage, 128
Swyer syndrome, 304, 325
Sympathetic activity, 834
Sympathetic nervous system activity, 831
Symptomatic hypoglycemia, 601

neonatal, 562
Symptoms of hypoglycemia, 600
Syndromes and chromosomal abnormali-

ties associated with ambigiguous
genitalia, 335

Syndrome X, 20, 632, 824, 837
Synkinesia, 230
Synophrys, 15
System International (SI), 935
Systemic lupus erythromatosus, 688, 690,

696, 699
Systolic hypertension, 908

T3, 349, 352, 353
receptor, 348
suppression test, 404
T3 thyrotoxicosis, 395

T4-T3 combination drugs, 366
Tachycardia, 354
Tachyphylaxis, 585
Takayasu arteritis, 690
Tall stature, 133, 222, 529

and excessive growth, 134

Tamoxifen, 223
Tanner genital staging, 213
Tanner stages, 212, 221, 224–225, 665,

878
Tanner-Whitehouse, 6, 7
Tarda

hypophosphatasia, congenital, 124
osteopetrosis, precocious form, 124
spondyloepiphyseal dysplasia, 116

Target height, 224
adult, 5
estimation, 5

TBG (see Thyroxin-binding globulin)
TBI (see Total body irradiation)
TBII, 404
TCA (see Tricarboxylic acid cycle)
TCA cycle, 806, 810

defects, 806, 809
T-cell number and function, 495
T cells, 687
T-cell tolerance, 687
TCIRGI mutation in osteopetrosis, 534
TCR, 687
T-cytotoxic/suppressor (CD8) cells, 695
TDF (see Testis determining factor)
Teenage pregnancy, 700
Telangiectatic erythema, 15
Telecanthus, 439
Telephone consultation, 661
Television

and obesity, 837
viewing, 848

Telogen, 283
Telogen (resting), 282
Tempo of puberty, 212, 214
Temporal arteritis, 690
Temporary hypogonadotropism, 234
Teratocarcinoma, 738
Teratogenic effects, 300
Teratoma, 226, 304, 326, 738–739
Tertiary hypothyroidism, 60, 360
Testicular, 319, 322

descent, 227
determination, 319
determining factor (TDF), 320
failure, 227
feminization syndrome, 331
growth, 220, 996
location, 228
malignancy, 340
neoplasm, 340
Sertoli and Leydig cell tumors, 408
testosterone, 324
torsion, 340–341
tumor, 227, 737
volume, 212, 884, 997

Testolactone, 223
Testosterone (T), 94, 137, 148, 178, 187,

211, 214, 230, 278, 319, 323–324,
335, 835, 838, 904, 919, 920

administration, 887
biosynthesis defects, 328, 329
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[Testosterone (T)]
and dihydrotestosterone action, 324
enanthate, 231, 94
imprinting, 336
levels, 214, 220–221, 224, 229
treatment, 230

Tests
for acromegaly, 951
for diabetes insipidus, 954
for gonadal function, 953
for parathyroid function e,945
in pediatric endocrinology, 935
for pheochromocytoma, 950
for prolactin secretion, 946
for regulation of serum glucose levels,

951
for thyroid function, 944

Tetany, 431, 434, 518–519, 741
atypical, 431
latent, 431
therapy of, 453

TGAb, 404
TG-Ab (see Thyroglobulin antibodies)
TGF-� (see Transforming growth

factor �)
Th 1 cells, 685, 691

-activated macrophages, 686
Th 2, 686

cells, 685, 687
disease, 697
-mediated antithyroid attack, 699

Th 3 cells, 687
Th1 cytokine, 697, 691
TH18oxoF, 905
Thalassemia, 228, 234, 527, 62
Thanatophoria, 129
Thanatophoric dysplasia, 113, 115, 118,

126–129, 532
craniosynostoic syndromes, 128

Thelarche, 212, 214, 294, 301, 305
Theoretical weights and heights, 26
Therapeutic

goals, biochemical 666
objectives, 661
regimen, 660
team, 660

Therapy
with calciferol sterols in HP, 454
for menstrual disorders, 308
for obesity, 847

Therapy-resistant hypocalcemia, 434
Thermogenesis, 836, 841
Thiamine, 810–811

-responsive, 811
Thiazide, 536, 562, 612, 766

diuretics, , 457, 769
Thiazolidinediones, 639, 640
Thin ideal, 31
Thiocyanate, 400
Thionamides, 400
Third branchial pouch, 421
Thirst, 757

Thrifty genotype, 631, 633
hypothesis, 629–630

Thrifty phenotype hypothesis, 20
Thromboangiitis obliterans, 690
Thromboembolic phenomenon, 139
Thromboembolism, 140, 142
Thrombospondin-1, 414
Thye I PTH receptor to Gs, 485
Thymic ontogeny, 687
Thymidine kinase, 33
Thymoma, 769
Thymus, 421, 687, 688

exposure of developing T cells to anti-
gen, 688

hypoplasia, 438
Thyrogastric autoimmunities, 698
Thyroglobulin, 246, 401, 408, 415,

688
antibodies (TGAb), 364, 396–398

664
autoantibodies, 706
gene, 395, 402
mRNA, 415

Thyroglossal duct cysts, 355, 394, 402
Thyroid, 839, 841, 868

abnormalities observed in HIV-infected
children, 883

abscess, 356
adenomas, 726
anaplastic carcinoma, 410
antibodies, 246, 364, 395–397, 404,

662
autoantibodies, 700
autoimmunity, 246, 698, 704
biopsy, 398
C cells, 485
cancer, 356–366, 402, 407, 414–416
carcinogenesis, 727
carcinoma, 203, 411, 723
cyst, 394
dysfunction, 347, 839, 841, 883
dysgenesis, 349, 352
dyshormonogenesis, 349, 401
excisional biopsy, 404
gland, 421, 469
gland, abnormalities of, 362
growth-stimulating antibodies (TGAb),

393
hurhle cell type, 410
lobe, mass in the left 356
lymphomas, 408
microsomal autoantibodies, 706
Na�/I-symporter, 698
neoplasm, 393
nodule, 402–404, 414, 417, 871, 726
suppression test e, 945
teratomas, 408
transcription factor -1 (TTF-1), 350
tumors, 394, 407, 726

Thyroidal [123I]-iodine, 398
Thyroid disorders, 304

in infancy, 347

Thyroidectomized patients, 486
Thyroidectomy, 198, 355–356, 414, 417
Thyroid extract, 366

therapy, 359
Thyroid function, 217, 228, 564, 662
Thyroid hormone, 50, 347, 612, 770,

866
autoantibodies, 689
economy, 347
secretion, 359
synthesis, 359, 363
therapy, 361, 397

Thyroiditis, 398, 697, 704
Thyroid peroxidase, 246, 396–398, 401

activity, 400
Thyroid-stimulating

antibodies (TPO-Ab), 394, 399, 664
autoantibodies (TSAb), 404, 700
hormone (TSH), 48, 92, 134, 160,

179, 217, 221, 347, 349, 352–353,
360, 362, 364, 367, 393, 415, 662,
664, 726, 751, 767, 839, 866, 868,
883

-producing pituitary adenoma, 393
resistance, 350
surge, 103, 351
suppression of, 416

immunoglobulin, 706
Thyromegaly, 364, 393, 398, 400, 403–04

causes of, 394
pathogenesis of, 394

Thyroperoxidase (TPO), 698
antibodies (TPOAb), 364
autoantibodies, 706

Thyrotoxic, 399, 908
Thyrotoxicosis, 394–396, 398, 400, 403,

524, 527
with limited neonatal reserve, 395

Thyrotoxic phase of thyroiditis, 395
Thyrotropin, 494

binding inhibitory immunoglobulins,
700, 706

receptor, 883
receptor antibodies (TSHrAb), 393–394
releasing hormone (TRH), 34, 50, 141
secretion, 367

Thyroxin-binding globulin (TBG), 365,
883

deficiency, 353, 354
excess, 354
levels, 353

Thyroxine (T4), 347–348, 355, 408, 486,
839

binding globulin levels, 367
replacement therapy, 366
supplementation, 353

T killer cells, 683
TMA/anti-TPOAb, 701, 707, 708
TmP, 428
TmP/GFR, 427, 449
TNF-alpha, see tumor necrosis factor

alpha
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TNF, 413, 486, 698, 880
� (see tumor necrosis factor-�)
�-system, 292
mediated cytolysis, 691
related apoptosis-inducing ligand

(TRAIL), 395
system, 885

TNSALP gene, 525
Tobacco smoking, 16, 22
TOBEC (see Total body electrical conduc-

tivity)
Tolbutamide, 745

test, 742
Tolerance tests, 564, 937–938

for adrenal cortex function, 947
Tolerization, 687
Tonic response to hCG administration, 953
TORCH syndrome, 17
Total

cholesterol, 862
parental nutrition, 503, 552
T4, 347
thyroidectomy, 366
triglyceride, 862
upper limb length at birth, 1003

Total body
electrical conductivity, 830
irradiation (TBI), 866, 868–869
potassium deficit, 670
scanning, 415

Total body length, weight, and occipto-
frontal head circumference, percen-
tiles by age

females, 3–36 months, 1038
males, 3–36 months, 1039

Towne views of the skull, 126
Toxic thyroiditis, 362, 394, 398, 403
Toxoplasmosis, 17, 884–885
TPN, 797
TPO (see Thyroperoxidase)
TPO-Ab (see Thyroperoxidase antibodies)
Trabecular bone, 527
TRAbs, 700
Trace element nutritional status on the

skeleton, 526
Traffic-light diet, 842
Tranexahic acid, 307–308
Transabdominal adrenalectomy, 196
Transcortin, 151
Transcription factor mutations, 128

and congenital hypothyroidism, 351
Transferase (type IIId), 588
Transferrin, 26
Transforming growth factor (TGF-�), 323,

428
Transglutaminase, 705

antibodies, 664
autoantibodies, 706

Transient
congenital HP, 442
congenital hypoparathyroidism (TCHP),

432, 493, 699

[Transient]
congenital PTG dysplasia, 442
diabetes of the newborn, 641
Graves’ disease, 354
gynecomastia, 884
hyperammonemia of the newborn,

788
hyperinsulinemia, 561
hyperthyrotropinemia, 699
hypoglycemia, 545
hypoparathyroidism, 442, 497
hypothyroidism, 868
hypothyroxinemia, 348
intracranial hypertension, 99

Transphenoidal
adenomectomy, 730
microsurgery, 135, 165
surgery, 234
surgical resection, 729

Transplacental transfer of TSH receptor-
blocking antibodies, 352

Transthyretin (TTR), 365
Trauma, 47, 61, 840
Treating comorbidities, 640
Treatment

of constitutional growth delay, 12
of hirsutism and polycystic ovary syn-

drome, 298
of hypoadrenocorticism, 163
with testosterone, 12

TRH, 360
induced prolactin secretion, 947
test, 364, 945

Trial of GH therapy, 55
Trials of growth hormone, 249
Tricarboxylic acid cycle (TCA), 805
Triceps skinfold (TSF), 829

and subcapsular skinfolds, males and
females, 1008

Trichilemmomas, 407
Trichomonas vaginalis, 258
Trichorhinophalangeal 1 (TRP) dysplasia,

122
Tricyclic antidepressants, 226, 771, 773
Trident deformity, 118
Triglycerides, 627, 664, 775, 824, 835,

859
synthesis, 837

TRIGR (see Type 1 diabetes in the geneti-
cally at risk)

Triiodothyronine (T3), 26, 365, 408
Trimethadione, 332
Triple A syndrome, 157
Triploidy syndrome 4p� 13q�, 335
Triptorelin decapeptyl, 299
Trisomy

13, 17, 335, 750
18, 17, 335, 750
21, 339
chromosomes, 750

TRKA-gene, 202
Troglitazone, 300

Trousseau’s sign, 495, 736
TRP (see Tubular reabsorption of phos-

phate)
Trunk shortening, 7
TS (see Turner syndrome)
TSAb (see Thyroid stimulating autoanti-

bodies)
TSF (see Triceps skinfold)
TSG, 727
TSH (see Thyroid stimulation hormone)
TSH receptor, 394, 396, 701

-activating mutations, 354
antagonistic autoantibodies, 699
autoantibodies, 697
function, 355
gene, 700
stimulating antibodies, 354

TSH secretion, 868
adenoma, 729
pituitary adenoma, 394
tumors, 727

TSHrAb, 396, 398–399
TTF-1 (see Thyroid transcription factor-1)
ttf2 -/- mice, 350
TTF-2, 350
TTR (see Transthyretin)
Tube feedings, 24
Tuberculosis, 159, 304
Tuberous sclerosis, 133
Tubular bone alterations, 7, 9, 14
Tubular reabsorption of phosphate TRP,

472, 522
Tubular stenosis (medullary stenosis), 125
Tumors, 60

diabetes insipidus, that cause, 762
of endocrine pancreas, 740
-induced osteomalacia, 488

of the vagina, uterus and ovaries, 266
necrosis factor (TNF), 491, 690, 879
necrosis factor-� (TNF-�), 395, 835
(or Oncogenoous) rickets, 522, 524
producing ectopic ACTH, 164
-suppressor gene H19, 584
suppressor genes, 128

Tumor-suppressor gene, 199–200, 727,
730

mutations, 413
Tunnel vision, 134
Turner gene, 248
Turner mosaicism, 304–305
Turner stigmata, 239–305
Turner syndrome (TS), 8, 9, 14–15, 17,

27, 34, 66, 88, 95, 97, 105, 130,
228, 232–233, 235, 239, 246,
302–304, 325–326, 361, 395, 529,
533, 611–613, 706–707, 840, 900,
909

features of 239–240
genetic basis, 247
height velocity, 244
mean height, 244

22q11.2 and 10p monosomies, 451
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22q11.deletion syndrome, 439
24 hr dietary recall, 31
Type 1 diabetes, 614–617, 620, 626, 637,

640, 661, 669, 687, 691–695,
698–708, 824

autoantigens, 694
causes and prevention, 616
in the genetically at risk (TRIGR), 617
genetics of, 692
natural history of, 692
prevention, 696

Type 1 diabetes mellitus, 434, 581, 664,
689–691

clinical picture, 618
Type 1 glycogen storage disease, 586
Type 1-� regulatory subunit on chromo-

some 2p16, 725
Type 1b glycogen storage disease, 586
Type 2 11�OHSD mutations, 901
Type 2 diabetes, 245, 611–613, 620, 627,

630–631, 633, 635, 637, 639, 694,
825, 835, 837, 847

development of 629
epidemic, 627, 630
epidemiology, 627
factors in the development ot 633
genetic considerations, 631
prevalence in young, 628
prevention, 634

Type 2 syndrome of Kenny and Caffry,
441

Type A insulin resistance, 612
Type A syndrome, 293
Type B disease, 696
Type B insulin-resistant diabetes, 696
Type E brachydactyly, 8
Type I autoimmune polyglandular disease/

syndrome, 233, 433
Type I collagen, 528
Type I glycogen storage disease, 524, 563
Type I GSD, 588
Type I PTH receptor, 484

gene, 494
Type II collagen (COL2A1), 532
Type II collagenopathies, 531–532
Type II deiodinase, 348
Type II genotype, 296
Type II osteogenesis imperfecta, 529
Type III deiodinase, 347
Type III glycogen storage disease, 587
Type III GSD, 589
Type IV, 529
Type X collagen (COL10A1), 532
Type XI collagenopathies, 531
Typical progression

of female pubertal development, 984
of male pubertal development, 994
of pubertal development, boys, 994

Tyramine in chocolate, 195
Tyrosine, 193
Tyrosine hydroxylase, 193
Tyrosine phosphatase antibodies to (IA-2

or ICA512), 616

Tyrosinemia, 563, 582
Tyrosinemia type I, 591, 598

UCD (see Urea cycle defects)
UCP-2 (see Uncoupling protein 2)
UKPDS (see United Kingdom Prospective

Diabetes Study)
Ulcerative colitis, 29, 246, 396, 689
Ultrasound, 18, 829
Ultrasound-enhanced transdermal delivery

of insulin, 654
Umbilical venous glucose concentrations,

gestational age, 545
Uncoupling protein-2 (UCP-2), 834
Undernutrition, 234
Undervirilized males, 248
Underweight

students, 31, 827
women, 16

Undescended testis, 340
Unfortified human milk, 504
Unilateral breast development, 225
Unilateral testicular enlargement, 221
Uniparental

disomy (UPD), 749
chromosome 6, 749
chromosome 7, 749

heterodisomy, 749
isodisomy and recessive disorders, 750

United Kingdom Prospective Diabetes
Study (UKPDS), 624, 627

University diabetes centers, 661
UOA (see Organic acids analysis)
UPD (see Uniparental disomy)
Upper and lower body segment, 8
Upper arm length, girls, 4–16 years, 1002
Upper body obesity, 830
Upper to lower body ratio, 7
Upper/lower segment ratio (U/L ratio),

126
Upper to lower segment ratio, both sexes,

birth to 16 years, 999
Urea cycle, 584, 595, 787–788

defects (UCD), 787–788, 792
diagnosis of, 790
late onset, 789

Uremic osteodystrophy, 526
Ureteropelvic and ureterovesicle junction

obstruction, 242
Urethral

hemangioma, 265
obstruction, 768
prolapse, 259

Uric acid, 600
Urinary

bladder distention, 195
Ca excretion, 433, 447, 473, 536
calcium, 475
catecholamine, 201
concentrating ability, 768
estrogen, 226
free cortisol, 152

[Urinary]
17-hydroxycorticosteroids, 152, 165
indican, 499
iodine, 400
17-ketosteroid levels, 297
nitrogen/’creatinine ratio, 26
organic acids, 595
phosphate excretion, 522
pyrophosphate, 499
sodium excretion, 775

Urine
acylglycines, 594
calcium (see HHRH), 495, 522
cytology, 257
OA, 803
organic acids, 591, 599
osmolality, 756, 764, 766
pH, 34
phosphorus, 495

Urine protein, 663
URL, 924
Urogenital

ridge, 319
sinus, 321

Urticaria, 396
U.S. National Health and Nutrition Exami-

nation Survey, 628
U.S. presidents, shortest, 2
Uteri inguinalis, 332
Uterine

agenesis, 232
synechia, 303

V2 receptor
antagonists, 775
mutations, 767

V2 vasopressin receptor, 755, 775
Vacor, 612
VACTER, 335
Vagina

absence of, 305
adenosis, 268
cord, 321
cytology smear, 257
discharge, 270
foreign bodies, 259
infections, 259
introitus, 182
lacerations, 260
rhabdomyosarcoma, 267
septum, transverse 305

Vaginal bleeding, 257, 268, 272
breakthrough, 167
in children, 259
coagulation defects, 268
endocrine and nonendocrine 257
in the newborn, 269
management, 260

Vaginitis, 259
Vaginoplasty, 182
Vaginoscopy, 257, 259, 267, 272
Vagotomy, 757
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Valine, 672
Valproate, 788
Valsalva maneuver, 626
Valsartan, 908
Valvular heart lesions, 845
Vanillylmandelic acid (VMA), 193
Vanishing testes syndrome, 228, 327
Vanishing testis syndrome anorchia, 229
Variable number of tandem repeats

(VNTR), 630
Varus or valgus deviations, 130
Vascular

complications of diabetes, 662
endothelial growth factor (VEGF), 726
endothelial growth factor C, 414
malformations, 90

Vasoactive intestinal peptide (VIP), 201,
484, 723

Vasopressin, 50, 426, 494, 755, 759, 763,
766, 772, 775

action in the collecting duct cell, 759
analogs, 766
autoantibodies, 704
deficiency, 60
function, 759
gene, 775
independent actions, 770
independent aquaporin 2 activity, 770
infusion, 766
metabolism, 758
pregnancy 758, 763
receptors, 758
release, 764, 770, 773
resistant diabetes insipidus, 767
secretory system, 757
structural gene, 761
therapy, 764
treatment, 763

Vasopressin secretion, 755–756, 773
deficiency in, 767
neurons, 756
set point for, 757

VATER syndrome, 332
VDL cholesterol, 860
VDR (see Vitamin D receptor)
Vegan, 535
Vegetarian, 22
VEGF (see Vascular endothelial growth

factor)
Velocardiofacial/Shprintzen syndrome,

493
Venous gases, 674
Ventromedial and infundibular nuclei ax-

ons, 48
Ventromedial nucleus, 757
Verapamil, 730, 910
Verner-Morrison syndrome, 744
Verrucae, 407
Very long-chain acyl-CoA-dehydrogenase,

801
Very-long-chain fatty acids (VLCFA),

157

Very low birth weight (VLBW) neonates,
548

Very-low-calorie diets, 842
Very-low-density lipoproteins (VLDL), 859
Very-short-acting insulin, 680
Vestigal aneuploidy, 750
VHL (see Von Hippel-Lindau)
Vilarrubias technique, 130
Vinblastine (VLB), 773, 869
Vinclozolin, 325
Vincristine, 869
VIP, 203, 743

plasma 203
Vipoma, 203, 723, 743–744

syndrome, 744
Viral meningitis, 773
Viriblastine, 738
Virilism, 284, 287–288, 290, 293, 297,

839
Virilization, 134, 178, 226, 226, 233, 249,

277, 304, 330
Virilizing

adrenal hyperplasia, 220, 226
adrenal tumors, 166
adrenocorticol carcinoma, 167
21-hydroxylase deficiency, 178, 187
ovarian neoplasms, 740
ovarian or adrenal tumor, 166, 333

Virions, 683
Visceral adiposity, 830, 835
Visceral fat, 630, 830
Visualizing the vagina, 272
Vitamin A, 32, 400, 503

excess, 498
intoxication, 472
toxicity, 499

Vitamin B12, 704, 70, 846
Vitamin C, 810
Vitamin D, 164, 447, 455, 475, 487, 497,

503, 517, 530, 536
analogs, 909
endocrine system, 522
excessive intake, 498
25-hydroxylase, 520
intake, 517
intoxication, 472, 535
or magnesium deficiency, 492
maternofetal transfer of, 490
metabolic levels, 520
metabolism, 517
metabolites, 489, 495
nutrition, 520
preparations, 433
quantification of, 489
status, 504, 505
supplementation, 490, 502, 504–505,

617
Vitamin D2, 424, 454, 487

intake, 490
Vitamin D3, 33, 454, 487, 497

synthesis, 487
Vitamin-D-binding protein (DBP), 424

Vitamin D deficiency, 449, 473, 490, 502–
504, 518–520, 523, 534, 535, 846

rickets, 32, 502, 520–521
Vitamin D dependency, 523

rickets, 447, 473, 521
type I, 521
type II, 521, 535

Vitamin D-dependent Ca transport, 489
Vitamin deficits, 841
Vitamin D receptor (VDR), 425, 488,

701
gene, 425, 429, 454, 531

Vitamin D therapy, 475
for maternal hypoparathyroidism, 499

Vitamin K deficiency, 270
Vitamin K3, 810
Vitamin and mineral deficiencies, 32
Vitiligo, 160, 233, 396, 434–436, 437
Vitiligo/alopecia, 705
Vitreous hemorrhage, 624
VLBW (see Very low birth weight neo-

nates)
VLCAD deficiency, 595, 803
VLCFA-COA synthetase, 157
VLDL (see Very-low-density lipoproteins)
VMA, 201
Voltage-gated calcium channel (VGCC),

566
Von Hippel-Lindau Syndrome, 199

gene, 199
missense mutations, 199
tumor suppressor gene, 199
type I, 199

Von Willebrand’s disease, 268, 759
acquired, 269

Von Willebrand’s factor, 759
Vp secretion, 757
Vulvar infections, 264
Vulvar lesions, 258, 261
Vulvar ulcers, 264
Vulvitis, 258
Vulvovaginitis, 257, 259–260
VYP Iia gene, 293
VYP11B2, 169

WAGE syndrome, 327
WAGR, 326, 335
Waist to hip ratio (WHR), 830
Warfarin-related embryopathy chromoso-

mal trisomy, 127
Wasting, 26
Water balance, 759–760, 775
Water deprivation test, 763–765, 954
Waterhouse-Friderichsen syndrome, 159
Water intoxication, 766–767, 770
Water load after adrenalectomy, 770
Watery diarrhea hypokalemia-achlorhydria

(WDHA) syndrome, 744
Web, 924

browser, 924
selected sites on growth and hormone

disorders, 931
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[Web]
server, 924
site, 924
using to obtain information for dys-

morphic patients, 924
using to obtain information on genetic

and hormone disorders, 923
Webbed neck, 239
Wegener’s granulomatosis, 690
Weight, 1, 28

control, 30, 844
cycling, 847
deficits for height, 14
in females with CDCS from 2 to 18

years, 1027
in females with CDCS from birth to 24

months, 1027
for females with Williams syndrome,

1033
gain, 5, 20–21, 32, 186, 305, 658, 831,

840–841, 843, 846
gain during the prenatal period, 831
and height progression, 31
in males with CDCS from 2 to 18

years, 1030
in males with CDCS from birth to 24

months, 1030
for males with William syndrome,

1036
loss, 305, 636, 825, 841, 842, 844
maintenance, 836
management strategies, 848
progression in short stature, 26
quartiles of infants breastfed at least 12

months, 975
reducing diet, 847
reduction, 841, 844, 846

Weight-for-height
excess, 26
relationship, 829

Weight-related behaviors, 30, 827
Weisenback-Zweymuller syndrome,

128
Well-balanced calorie restrictive intake,

843
Wellcome Trust classification, 26
Wermer syndrome, 721
Whipple’s triad, 730
WHR (see Waist to hip ratio)
Williams syndrome, 9, 15, 17, 472, 498–

499
Williams-Beuren syndrome, 924

Wilms’ tumor, 140–141, 201, 326–327,
725, 865–866

repressor (WT-1), 320
Wilson’s disease, 234, 524, 526
Wilson syndrome, 366
Withdrawal, 35
Withdrawal bleeding, 217, 257
WNK kinases, 907
WnT4, 320–321
WnT-7a, 321, 323
Wolff-Chaikoff effect, 348
Wolffian duct, 323–324, 326
Wolffian structures, 325
Wolfram syndrome, 613, 761, 809
Wolman disease (acid lipase deficiency),

156, 158
Women with hypothyroidism, 367
World Wide Web, 924
Worrisome growth, 1
WT-1, 327

Xanthomatosis, 158
X chromosome, 137, 158, 232, 239, 246,

302, 324
abnormalities, 305
inactivation, 767
monosomy, 239
Xp.21, 523
(Zq28), 759

Xenoestrogens, 325
Xenogeneic self antigens, 690
X-fetoprotein, 738
XHR (see X-linked hypophosphatemic

rickets)
X inactivation, 247
X isochromosome, 246
X-isochromosome karyotype, 361
XIST, 245
XLH (see X linked hypophosphatemic

rickets)
X-linked

adrenal hypoplasia, 154, 320
adrenal hypoplasia, congenital, 155
ALD, 158
cardiomyopathy and neutropenia,

795
familial hypophosphatemic rickets,

523
gene, 805
hypophosphatemia, 520, 523
hypophosphatemic rickets (XLH), 99,

474–475, 502, 523

[X-linked]
hypophosphatemic vitamin-D-resistant

rickets (HDDR), 502
isolated hypoparathyroidism, 433
nephrogenic diabetes insipidus, 764
recessive traits, 158
vasopressin-resistant diabetes insipitus,

759
X-lipoate protein, 805
X monosomy, 240, 247
XO gonadal dysgenesis, 529
Xp, 247
Xp21, 156

interstitial deletion, 155–156
Xp22 breakpoints, 248
Xp22.3, 158
X polysomies, 339
Xq and Xp karyotypes, 247
Xq, 247
Xq11-q12, 324
Xq26-Xq27, 469
X receptor (RXR), 488
XY gonadal dysgenesis, 228
XY mosaicism, 248
Xylitol, 846
XYY males, 134
XYY syndrome, 138

Y (SRY), 320
Y chromosome, 239, 320, 327

material, 232
mosaicism, 248

Y-chromosome-positive Turner syndrome,
739

Yearly growth rate, 981
boys, 2–18 years, 991

Youth-onset diabetes, 824
Yo-yo syndrome, 847
Yp11.3 breakpoints, 248

Zaroxolyn, 912
Zellweger syndrome, 158, 533, 802
Zidovudine, 876

in utero, 875
Zinc, 22, 526, 536, 844

fingers, 33, 425
glucagon, 141
metalloenzymes, 33
and selenium deficiencies, 367
supplementation on growth rates, 33

Zinc deficiency, 22, 24, 29, 32–34
pregnant women, 32

Zollinger-Ellison syndrome, 723, 744


