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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 1. 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

vii
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viii Preface

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

Lifshitz and Botero

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 O 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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Worrisome Growth

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

Lifshitz and Botero

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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Worrisome Growth

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
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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.)

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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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-

Midparent height {ft and in}

50" 52 54" 5& 58 50" 60
T T T T T T T T T T

7
= 90
H]
v 75
5
S 3
250
& 2.5
= sD
23 35
S 10k=- — - //- — SO

3 NN ——
P //i /,f'/ B C
3rd 50th 97th

| L| ‘ 1 | | [ 1 | |
150 155 W0 165 170 175 180 185
Midparent height{cm)

Figure 2 The Tanner standards for height of girls and boys
from 2 to 9 years in relation to parents’ height. (From Ref.
48.)

Lifshitz and Botero

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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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

SE
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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-

EMC

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.)
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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).

MaRrcEeL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) f



10

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

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

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

Lifshitz and Botero

b}

“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

MaRrcEeL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) f



12

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-
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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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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

AGE (MONTHS)
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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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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.)
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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
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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.

VIl.  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
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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.
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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).

VIll. 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 ITUGR.

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
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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 ITUGR). 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/m?)
a weight gain of 29—-40 pounds; for average women (body
mass index between 19.8 and 26 kg/m®) 25-35 pounds;
and for overweight women (body mass index between 26
and 29 kg/m®) 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 (grfl) 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
grfl 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).
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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) X
100/length (cm)™’) 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’’ Pls 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
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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 PIL

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 [UGR 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 [UGR
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 FTIT 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
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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 ITUGR (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 S-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
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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 [UGR 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 O to 18 months of age was investigated in
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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-
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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 FIT 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 FTIT 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.
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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).
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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.
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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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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

STATURE

AGE (YEARS)
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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-

STATURE

45

AGE [YEARS)

a) 234 56 78 101112131415 161718

b} 23 4 56 7B 9011121314 15 1617 18

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.)
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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¢).
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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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Worrisome Growth

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-
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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 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.)
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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.)

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
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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.)

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-
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Worrisome Growth

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
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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.)

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.,
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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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Worrisome Growth

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).
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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
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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 B, 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 ©°Zn revealed that plasma zinc turnover
was greater, the 24 h exchangeable pool was smaller, and
the excretion of ®Zn 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
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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 D; 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-
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nous blood gases with simultaneous urine pH, liver and
kidney function tests, and antigliadin and antiendomyacil
antibodies.

A Kkaryotype 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.

XIl.  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-
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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
(th) 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
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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).

Il.  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
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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 Pitl (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 Pitl (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 Pitl 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 X 13 X 6 mm (Fig. 1). The pars intermedia
is vestigial in the adult, except in pregnancy. The adeno-
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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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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-
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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).

ANTERIOR

BRANCH SUPERIOR
HYPOPHYSIAL

POSTERIOR

BRANCH

ARTERY OF TRABECULA

EFFERENT
VEIN TO
DURAL SINUS

TRABECULA

SECONDARY
PLEXUS OF
PITUITARY
PORTAL
SYSTEM

Figure 2 Diagrammatic illustration of pituitary blood supply. (From Ref. 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-1/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. JAK?2 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 GHRr 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).

Rosenbloom and Connor

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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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-
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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-1 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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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.)
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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-1. 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.

Ill. CLASSIFICATION OF DISORDERS
INVOLVING THE GH/IGF-1 AXIS

The classification in Table 2 is based on the fundamental
role of IGF-1, with primary IGF-I deficiency referring to

Table 1 Metabolic Effects of GH and IGF-I

GH IGF-1

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

sensitivity Decreased Increased
Hepatic glucose output Increased Decreased
Muscle glucose uptake Decreased Increased
Lipolysis Increased No effect”
Nitrogen balance Increased Increased
Protein synthesis Increased Increased

“Decreased with very high dosages.

Rosenbloom and Connor

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
Biochemistry
Condition GHD* Ht SDS GH GHBP IGF-1 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 —4to —12 High Low/nml/high Very low Low

GH-GHR signal transduction defect Yes (Arab)

No (Pakistani)

Acquired
Catabolic states/chronic illness No
Tertiary IGF-I Deficiency
Congenital
GHRH receptor deficiency No
GHD Yes
Acquired
GH inhibiting antibodies Yes
GHD Yes
IGF-I Insensitivity
Congenital
IGF receptor deficiency No

IGF-IGFR signal transduction defects No

—34t0 —6 High Normal

Very low nml/low

Normal-low  High Low/nml Low nml/low
—43to —89 Low Normal Low Low

=3 Low Normal Low Low
—3to —8.5 Low Normal Low Low
Varies Low Normal Low Low
Severe/IUGR  High Normal High High
—2to —4.6 Normal ? High ?

“Phenotype.
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, HESX/
and LHX3 are factors involved in differentiation of the
Rathke pouch into distinctive pituitary cell types. A mis-
sense mutation of HESX! 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-

Rosenbloom and Connor

inal description of a Pitl 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
POUI1F1 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 PROPI, 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.

PROPI1 mutations are an important cause of MPHD,
in contrast to the situation with POUIF1 mutations. Of
52 Polish patients with MPHD, 33 had mutations in

MaRrcEeL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) f



Hypopituitarism

57

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.)

PROPI1, and none in POUI1FI; 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. lsolated (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 thGH 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 thGH (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 thGH administration. Most of the muta-
tions that have been described associated with this form
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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 th